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LECTURE T. 

INTRODUCTORY. 

Among the great inventions which have originated in 
the lecture-room in which we are met are two of special 
interest to electricians — the application of gutta-percha 
to the purpose of submarine telegraph cables, and the 
electromagnet. This latter invention was first publicly 
described, from the very platform on which I stand, on 
May 23, 1825, by William Sturgeon, whose paper is to 
be found in the forty-third volume of the Transactions 
of the Society of Arts. For this invention we may right- 
fully claim the very highest place. Electrical engineer- 
ing, the latest and most vigorous offshoot of applied 
science, embraces many branches. The dynamo for 
generating electric currents, the motor for transforming 
their energy back into work, the arc lamp, the electric 
bell, the telephone, the recent electromagnetic machin- 
ery for coal-mining, for the separation of ore, and many 
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other electro-meclianical contrivances, come within the 
purview of the electrical engineer. In every one of 
these, and in many more of the useful applications of 
electricity, the central or^an is an electromagnet. By 
means of tliis simple and familiar contrivance — an iron 
core surrounded by a copper-wire coil — mechanical ac- 
tions are producjed at will, at a distance, under control, 
by the agency of electric currents. These mechanical 
actions are known to vary with the mass, form, and 
quality of tlie iron core, the quantity and disposition 
of the copper wire wound upon it, the quantity of 
electric current circulating around it, the form, quality, 
and distance of the iron armature upon which it acts. 
But the laws wlii(ih govern the mechanical action in re- 
lation to tliese various matters are by no means well 
known, and, indeed, several of them have long been a 
matter of dispute. Gradually, however, that which has 
been vague and indeterminate becomes clear and pre- 
cise. The laws of the steady circulation of electric cur- 
rents, at one time altogether obscure, were cleared up 
by the discovery of the famous law of Ohm. Their ex- 
tension to the case of rapidly interrupted currents, such 
as are used in telegraphic working, was discovered by 
Ilelmholtz; while to Maxwell is due their future exten- 
sion to alternating, or, as they are sometimes called, 
undulatory currents. All this was purely electric work. 
But the law of the electromagnet was still undiscovered ; 
the magnetic part of the problem was still buried in 
obscurity. The only exact reasoning about magnetism 
dealt with problems of another kind; it was couched in 
language of a misleading character; for the practical 
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problema connected with the electromagnet it wive worBe 
than useless. The doctrine of two magnetic fluids dis- I 
tributed over the end eurfncos of magnets, under the 
sanction ot the great names of Coulomb, of. Poisson, 
and of Laplace, had unfortunately become reco^iized 
as an accepted part of Bcieiice along with the law of in- 
verse aquares. How greatly the progress of electromag- 
netic science has been impeded and retarded by the 
weight of these great names it is impossible now to 
gauge. We now know that for all purposeB, save only 
those whose value lies in the domain of abstract mathe- 
matics, the doctrine of the two magnetic fluids is false 
and misleading. We know that magnetism, so far from 
residing on the end or surface of the magnet, is a prop- 
erty resident throughout the mass; that the internal, 
not the external, magnetization is the important fact to 
be considered; th»t the so-called free magnetism on the 
surface is, as it were, an accidental phenomenon; that 
the magnet ia really moat highly magnetized at those 
parts where there is least surface magnetization; Anally, 
that the doctrine of surface distribution of fluids is ab- 
solutely incompetent to-afford a basis of calculation such 
as is required by the electrical engineer. Ha requires 
rules to enable him not only to predict the lifting power i 
of a given electromagnet, but also to guide him in de- 
signing and constructing electromagnets of special forma 
suitable for the various eases that ariae in his practice, 
He wants in one place a strong electromagnet to hold 
on to its armature like a limpet to its native rock; in 
another wise he desires a magnet having a very long 
range of attraction, and wants a rule to guide liim to 
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the best design; in anotlier lie wants a special form 
having the most rapid action attainable; in yet another 
he must sacrifice everything else to attain maximum 
action with minimum weight. Toward the solution of 
such practical problems as these the old theory of mag- 
netism offered not the slightest aid. Its array of math- 
ematical symbols was a mockery. It was as though an 
engineer asking for rules to enable him to design the 
cylinder and piston of an engine were confronted with 
recipes how to estimate the cost of painting it. 

Gradually, however, new light dawped. It became 
customary, in spite of the mathematicians, to regard the 
magnetism of a magnet as something that traverses or 
circulates around a definite path, flowing more freely 
through such substances as iron than through other 
relatively non-magnetic materials. Analogies between 
the flow of electricity in an electrically conducting cir- 
cuit, and the passage of magnetic lines of force through 
circuits possessing magnetic conductivity, forced tlioni- 
selves u])on the minds of experimenters, and compelled 
a mode of thought quite other than that previously ac- 
cepted. So far back as 1821, Gumming^ experimented 
on magnetic conductivity. The idea of a magnetic 
circuit was more or less familiar to Ritchie,^ KSturgeon,^ 
Dove,^ Dub,^ and De La Rive,^ the last-named of whom 

» Camb. Phil. Trans., Apr. 2, 1821. 
2 PhU. Mag., series iii., vol. iii., p. 122. 

* Ami. of Electr., xii., p. 217. 

* Pogg. Ann., xxix., p. 402, IHSS. See aiso Pogg. Ann., xliii., p. 517, IKBS. 

6 Dub, "Elektromagnetisnius'' (ed. 18G1), p. 401 ; and Pogg. Ann., xc p. 
440, 1853. 

« De La Rive, *' Treatise on Electricity" (Walker's translation), vol. i., p. 

292. 
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explicitly uses the phrase, " a closed magnetic circuit. 
Joule '^ found the maximum power of an electromagnet 
to be proportional to " the least sectional area of the en- 
tire magnetic circuit," and he considered the resistance 
to induction as proportional to the length of the mag- 
netic circuit. Indeed, there are to be found scattered 
in Joule's writings on the subject of magnetism, some 
five or six sentences, which, if collected together, consti- 
tute a very full statement of the whole matter. Fara- 
day ^ considered that he had proved that each magnetic 
line of force constitutes a closed curve; that the path of 
these closed curves depended on the magnetic conduc- 
tivity of the masses disposed in proximity; that the 
lines of magnetic force were strictly analogous to the 
lines of electric flow in an electric circuit. He spoke of 
a magnet surrounded by air being like unto a voltaic 
battery immersed in water or other electrolyte. He 
even saw the existence of a power, analogous to that of 
electromotive force in electric circuits, though the name, 
" magneto -motive force,'' is of more recent origin. The 
notion of magnetic conductivity is to be found in Max- 
well's great treatise (vol. ii., p. 51), but is only briefly 
mentioned. Rowland,^ in 1873, expressly adopted the 
reasoning and language of Faraday's method in the work- 
ing out of some new results on magnetic permeability, 
and pointed out that the flow of magnetic lines of force 

T Ann. ofElectr., iv., 59, 1839; v., 195, 1841 : and " Scientific Papers," pp. 8, 
. 31, 35, 36. 

) 8 '* Experimental Researches," vol. iii., art. 3117, 3228, 3230, 3260, 3271, 3276, 
"'. 3294, and 3361. 

» Phil. Mag., series iv., vol. xlvi., Aug., 1873, **On Magnetic Permeability 
' ; and the Maximum of Magnetism of Iron, Steel, and Nickel/^ 

.'i 

i 
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through a bar could be subjected to exact calculation; 
tlie elementary law, he says, *' is simihir to tlie law of 
Ohm." According to Rowland, tho " magnetizing force 
of helix " was to be divided by tlie " resistance to the 
lines of force;" a calculation for magnetic circuits 
which every electrician will recognize as precisely Ohm^s 
law for electric circuits. lie applied the calculations 
to determine the permeability of certain specimens 
of iron, steel, and nickel. In 1882,^^ and again in 
1883, Mr. R. II. M. Bosanquet" brought out at greater 
length a similar argument, employing the extremely apt 
term " magneto-motive force " to connote the force tend- 
ing to drive the magnetic lines of induction through the 
" magnetic resistance," or, as it will frequently be called 
in these lectures, the magnetic "reluctance," of the cir- 
cuit. In these papers the calculations are reduced to a 
system, and deal not only with the specific properties of 
iron, but with problems arising out of the shape of the 
iron. Bosanquet shows how to calculate the several re- 
sistances (or reluctances) of the separate parts of the 
circuit, and then add them together to obtain the total 
resistance (or reluctance) of the magnetic circuit. 

Prior to this, however, the principle of the magnetic 
circuit had been seized upon by Lord Elphinstone and 
Mr. Vincent, who proposed to apply it in the construc- 
tion of dynamo-electric machines. On two occasions ^'^ ^ 



10 Proc. Roy. Soc, xxxiv., p. 445, Dec, 1882. 

11 Phil. Mag., series v., vol. xv., p. 205, Mar., 1883, "On Magneto-Motive 
Force." Also ib., vol. xix., Feb., 18f5, and Piv>c. Roy. Soc., No. 223, 1883. 
See also Tlie Electrician (T^ndon^, xiv., p. 291, Feb. 14, 1885. 

12 Proc. Roy. Soc, xxix., p. 292, 1879, and xxx., p. 287, 1880. See Electrical 
Review (London), viii., p. 134, 1880. 
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they communicated to the Royal Society the results of 
experiments to show that the same exciting current 
would evoke a larger amount of magnetism in a given 
iron structure, if that iron structure formed a closed 
magnetic circuit than if it were otherwise disposed. 

In recent years the notion of the magnetic circuit has 
been vigorously taken up by the designers of dynamo 
machines, who, indeed, base the calculation of their de- 
signs upon this all-important principle. Having this, 
they need no laws of inverse squares of distances, no 
magnetic moments, none of the elaborate expressions for 
surface distribution of magnetism, none of the ancient 
paraphernalia of the last century. The simple hiw of 
the magnetic circuit and a knowledge of the properties 
of iron are practically all they need. About four years 
ago, much was done by Mr. Gisbert Kapp ^^ and by Drs. 
J. and E. Hopkinson ^* in the application of these con- 
siderations to the design of dynamo machines, which 
previously had been a matter of empirical practice. To 
this end the formulae of Professor Forbes ^^ for calculat- 
ing magnetic leakage, and the researches of Professors 
Ayrton and Perry *^ on magnetic shunts, contributed a 
not unimportant share. As the result of the advances 
made at that time, the subject of dynamo design was 
reduced to an exact science. 

It is the aim and object of the present course of lec- 

'* The Electrician (London), vols, xiv., xv., and xvi., 18H5-86; also Proc. 
Inst. Civil Engineers, Ixxxiii., 1885-86; and Jour. Soc. Telegr. Engineers, xv,, 
524, 1886. 

»* Phil. Trans., 1886, pt. i., p. 331 ; and27i€ Electrician (London), xviii., pp. 
39, 63, 86, 1886. 

1* Jour. Soc. Telegr. Engineers, xv., 555, 1886. 

*• Jour. Soc. Telegr. Engineers, xv., 530, 1886. 
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til res to sliow how the Siinie considerations which have 
been apj)lied with such great success to the subject of 
tlie design of dynamo -electric nuicliines may be applied 
to the study of tlie electromagnet. The theory and 
practice of the design and construction of electromag- 
nets will thus be placed, once for all, ui)on a rational 
basis. Definite rules will be laid down for the guidance 
of the constructor, directing him as to the proper dimen- 
sions and form of iron to be chosen, and as to the proper 
size and amount of copper wire to be wound upon it in 
order to jiroduce any desired result. 

First, however, a historical account of the invention 
will be given, followed by a number of general consid- 
erations respecting the uses and forms of electromag- 
nets. These will be followed by a discussion of the mag- 
netic properties of iron and steel and other materials; 
some account being added of the methods used for de- 
termining the magnetic permeability of various brands 
of iron at different degrees of saturation. Tabular in- 
formation is given as to the results found by different 
observers. In connection with the magnetic properties 
of iron, the phenomenon of magnetic hysteresis is also 
described and discussed. The principle of the magnet i(| 
circuit is then discussed with numerical examples, aiuf 
a number of experimental data respectingJihe^^iacteftT- 
ance of electromagnets are adduced, in jmrticular tlio^o 
bearing upon the tractive power of electromagnets. T]w. 
law of traction between an electromagnet and its arma- 
ture is then laid down, followed by the rules for pre- 
determining the iron cores and copper coils required to 
give any prescribed tractive force. 



w 
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Then comes the extension of the calculation of the 
lagnetic circuit to those cases where there is an air-gap 
'Otween the poles of the magnet and the armature, and 
\'here, in consequence, there is leakage of the magnetic 
ines from pole to pole. The rules for calculating the 
\vinding of the copper coils are stated, and the limiting 
relation between the magnetizing power of the coil and 
the heating effect of the current in it is explained. After 
this comes a detailed discussion of the special varieties 
of form that must be given to electromagnets in order 
to adapt them to special services. Those which are 
designed for maximum traction, for quickest action, for 
longest range, for greatest economy when used in con- 
tinuous daily service, for working in series with con- 
stant current, for use in parallel at constant pressure, 
and those for use with alternate currents are separately 
considered. 

Lastly, some account is given of the various forms of 
electromagnetic mechanism which have arisen in con- 
nection with the invention of the electromagnet. The 
plunger and coil is specially considered as constituting 
a species of electromagnet adapted for a long range of 
motion. Modes of mechanically securing long range for 
electromagnets and of equalizing their pull over the 
range of motion of the armature are also described. 
The analogies between sundry electro-mechanical move- 
ments and the corresponding pieces of ordinary mech- 
anism are traced out. The course is concluded by a 
consideration of the various modes of preventing or 
minimizing the sparks which occur in the circuits in 
which electromagnets are used. 
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HISTORICAL SKETCH. 

The effect which an electric current, flowing in a wire, 
can exercise upon a neighboring compass needle Wiis dis- 
covered by Oersted in 1820.^^ This first announcement 
of the possession of magnetic properties by an electric cur- 
rent was followed speedily by the researches of Ampdre,^® 
Arago,^^ Davy/^ and by the devices of several other ex- 
perimenters, including De La Rive's ^^ floating battery 
and coil; Schweigger's^*'^ multiplier, Cumming's^^ gal- 
vanometer, Faraday's ^* apparatus for rotation of a per- 
manent magnet. Marsh's ^^ vibrating pendulum, and 
Barlow's 2^ rotating st:ir-wheel. But it was not until 
1825 that the electromagnet was invented. Davy had, 
indeed, in 1821, surrounded with temporary coils of wire 
the steel needles upon which he was experimenting, and 
had shown that the flow of electricitv around the coil 
could confer magnetic power upon the steel needles. 
But from this experiment it was a grand step forward 
to the discovery that a core of soft iron, surrounded by 
its own appropriate coil of copper, could be made to act 
not only as a powerful magnet, but as a magnet whose 
power could be turned on or off at will, could be aug- 

1 

'^ See Thomson's Annals of Philosophy^ Oct., 1820. 

*•* Ann. de Chini. et de Physique, xv., 59 and 170, 18C0. 

" /6., XV., 93, 1820. 

»« Phil. Trans., 1821. 

2» "Biblioth6queUniverselle," Mar., 1821. 

'^2 lb. a.'i Camb. Phil. Trans., 1821. 

5* Quarterly Journal of Science, Sept., 1821. 

8» Barlow's " Ma^etiQ Attractions,'' second edition, 1823. 

8* 76, 
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mentcd to any desired degrea, and could be Bet into 
action and controlled from a praotiGally unlimited dis- 
tance. 

The electromagnet, in the form ■which can first claim 
recognition for these qualities, was devised by William 
Sturgeon,*' and is described by him in the paper which 
he contributed to the proceedings of the Society of Arts 
in 18:35, accompanying a set of improved apparatus for 
electromagnetic experimeutn.^'^ The Society of Arts 
rewarded Sturgeon's labors by awarding-*im the silver 
medal of the society and a premium of 30 guineas. 
Among this set of apparatus are two electromagnets. 



17 WlUiam Stucgeon, tJie Inveutor of tlie eleetromagnet, ftBaboraat WMfr 
ID LancasLire, Id 1788. Appreuttceil as a boy tu the tmile uf a ahoe- 
t the age of Ifl be joiDed tJw WeatmoreLaad loillibb. and two years 
^he Royal ArUlkry. thiu gaining Uie chanceof learning 
jtBctenee.aDd having- leiBura in which to pursue his atwwrtiing 
ulieniica] and physical eiperlDieUM. He wbb 42 years of beb 
wbno he made Ilia great, Chuugh at the time unnuigniied, invention. At 
the dato of his reaearchea Id elf^ctrginagDetiiur] be ttaH n^ilrnt ai 8 ArliUery 
BiWoolirlch, atwhiuhplaeehe vaatUKU^iKin'l^iLcor ^Mai-hlinUTl naflatl- 



IflSShe preniflitwl ft 







thlfl paper wan imt a.iiniii' .| i .. i h' '''..' '' i , unsiictiom; 

inted it in full, n-iLI>i>ut aliHnilitm, in his voliinieof "Scian- 

''publiahe<l by auhBcrlptlan la IRSO. From ISaB to IMS he 

QiB Aimalt of Elatricitff. He had now removed to UanclieBler. 

on eleotplcityat the Royal Vic Loria GaJlery. Hediedat 

ancheater, in IS50. There Is a tablet lo Uh memory Id the 

rKlrbbyLoDiulale, from which town the village of Whltllngton IS dl"- 

two miles. A portrait o( Sturgvoa In oilB, and said lo be an ex- 

^ to be in exiatence; but alllnqulr-iett aiMo Ira 

ita have proved uaavailing. At tlie present moment, ao far as I am 

. BdentiSc world is abaaluCelj- without a portrait uf tha in veutor of 

Sociatv O/AtU, J825, lUil., p. 88 
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deep connecting cups marked Z and C, fixed upon a 
wooden stand. These cups, which were of wood, served 
as Bnpporta to hold np the electromagnet, and having 
mercury in them served also to make good electrical 
connection. In Fig. 2 the magnet is seen sideways, 
supporting a bar o^!^on, y. The circuit was completed 
to the battery through a connecting wire, d, which 
could be lifted out of the 
cup, Z, so breaking circuit 
when desired, and allowing 
the weight to drop. Stur- 
geon added in his explana- 
tory remarks that the poles, 
N and S, of the magnet will 
be reversed if you wrap the 
copper wire about the rod as 
a right-handed screw, instead 
of a left-handed one, or, more 
simply, by reversing the con- 
nections with the battery, by 
causing the wire that dips i 
into the Z cup to dip into the elictrok.onbt. 

C cup, and I'l'ce vsvm. This electromagnet was capable 
I of supporting nine pounds when thus excited. 

Fig. 3 shows another arriingement to fit on the same 
This arrangement communicates magnetism to 
(Bed steel bars as soon as they are put in, and ren- 
Fsoft iron within it magnetic during the time of 
it only differs from Figs. 1 and 2 in being 

;raight, and thereby allows the steel or iron bars to slide 

1 and out. 
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For this piece of apparatus and other adjuncts accom- 
panying it, all of which are described in the Society's 
Transactions for 1825, Sturgeon, as already stated, 
was awarded the society's silver medal and a premium 
of 30 guineas. The apparatus was deposited in the 
museum of the society, which therefore might be sup- 
posed to be the proud possessor of the first electromag- 
net ever constructed. Alas I for tlie vanity of human 
affairs, the society's museum of apparatus has long been 
dispersed, this priceless relic having been either made 
over to the now defunct Patent-office Museum or other- 
wise lost sight of. 

Sturgeon's first electromagnet, the core of which 
weighed about seven ounces, was able to sustain a load 
of nine pounds, or about 20 times its own weight. At 
the time it was considered a truly remarkable perform- 
ance. Its single layer of stout coi)])er wire was well 
adapted to the battery employed, a single cell of Stur- 
geon's own particular construction having a surface of 
130 square inches, and therefore of small inteniiil resist- ■ 
ance. Subsequently, in the hands of Joule, the same 
electromagnet sustained a load of 50 pounds, or about 
114 times its own weight. Writing in 1832 about liis 
apparatus of 1825, Sturgeon used the following magnil- 
oquent language : \ 

"When first I showed that the magnetic energies of a 
galvanic conducting wire are more conspicuously exhibittnl '] 
by exercising them on soft iron than on hard steel, my ex 
periments were limited to small masses — generally to a fewjj 
inches of rod iron about half an inch in diameter. Some otj 
those pieces were employed while straight, and others were 
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bent into the form of a horseshoe magnet, each piece being n 
compassed liy a spiral oonihictor of copper wire. The mag- 
,itetie energies developed by these simple arrangements are 
of a very disthigiiiithed and exalted character, aw is oonsplc- 
-tlously manifested by the suspension of a considerable 
-weight ut the poles during the period of excitation by the 
electric intlnence. 

"An nnparalleled transilieney of magnetic action is also 
displayed in eoft iron by an lnstaQtaneou§ transition from 
a 8iat« of total inaetivity to that of vigorous polarity, and 
Also by a. siuiultMieous reciprocity of polarity In the e 
tretnitles of the bat^ versatilities in this branch of physics 
for the display of which soft Iron is pre-eminently qualified, 
Hud whieli, by the agency of electricity, become demonstra- 
ble with the celerity of thought, and illustrated by experi- 
ments the niost splendid in uiagnetlca. It is, moreover, 
abundantly manifested by ample experiments, that gal- 
vanic electricity eiercises a superlative degree of excitation. I 
on the latent magnetism of soft iron, and calls for its re 
dite powers vith astonishing promptitude, to an intensity ' 
of action far surpassing anything which can be ac( 
plished by any known application of the most rigorous per- 
manent magnet, or by liny other mode of experimenting 
hitherto discovered. It has been observed, however, by 
experimenting on different pieces selected from various 
80Urc<», that, notwithstandjngthfigreatest care be observed 
in preparing them of a uniform figure and dimensions, there . 
appears a considerable difference in the susceptibility which J 
they individually posaeas of developing the magnet powers, [ 
much of which depends upon the manner of treatment at ■ 
the forge, as well as upon the natural character of the Iron 
itself." 

: hava niHilB n nuinhc-r of npcrimeiiM nn amall pieces, frnm the re- 
' whlcli II. appears tljat much hajiiuieriug Is hlgbly detrimental lo Ihe 
lelopmenfoC roagnetism in soft iron, wlietiier the eieitine cause hegal- 
any otlier. An<] althc]ii|-h gnod anncnUng b always easenUal Hod 
» to u cooaiderabJe eiteut the dlaplsr ol polarity, that procefw ia 
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"The superlative intensity of elect roiiiinjnets, aiifl llip 
facility and promptitude with wlilph tlii'ir ener^itiH can be 
brought into play, are quiilifl cat ions ailtniraliiy adapted Tor 
their introduction into a variety o( arraugeiuente in which 
powerful inagiietH eo ea&eDtlally operate and perfonii a d!s~ 
tlngnished jiart in the praduction ot electrooiBKnetic rota- 
tions; while the versatilities of polarity of which tlieyan 
Busceptible are eminently calculated to (rfve a pleasing di- 
versity in the exhibition of that higlily interesting class of 
phenomena, and leaii to the production of others iniinitar 
ble by any other means."" 

Sturgeon's further work during the next three yean 
is best described in his own words: 

" It does not appear that any very eutensive experiments 
were attempted to improve the lifting power of electromag;' 
nets, from the time that my experiments were published In 
the TransacUonB of the Society of Arts, etc.. for 1835, tiH 
the latter part of 18S8. Mr. Watkins. philosophical instUb 
ment maker. Charing Cross, had, however, made them djU 
much larger size than any which I had employed, but " 
not aware to what extent he pursued the experiment. 

" In the year 1838, Professor Moll, of Utrecht, being i 
■visit to London, purchased of Mr. Watkins an electrot 
net weighing about five pounds — at that time. I believe, 
largest which had been made. It was of round iron. ttt>oi 
one inch in diameter, and furnished with a single copj: 

I twistM round it 83 times. When this magnet 
cited by a lar^ galvanic surface, it supported about 7f 
pounds. Professor Moll afterward prepared another eleetro-1 

veiy far from rcBtaiine to the iron thai de^ireeof suBoepUblltty which - .. , 
quentlj' losfis hy the operation of the hammer. Cylindricrad Iron of tpinf i 
dLiieBBloos may very easily be b«ntinto the required tonn. wilhout anyhaiJ^J 
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magnet, wliieh, wlien bent, w&a 13^ inches IiirIi, 2] inclies 
In diatuetyr. and weighed about 3fi pounds, prepared, like 
tbe former, with a single spiral conducting wire. With au 
a/iUng galvanic surf a<;e of 1 1 square .'eet, tiiis magnet would 
Aopport 154 puunde, but would nut lift an anvil which 
'weighed 'AXi pounds. 

"The largest eleetromagnet which I have yet [1833] ei- 
liibited in my lecturem weighs about 1ft pounds. It is fonued 
of a small bar of soft iron, Ij inches across each side; the 
cross-piece whieh joins the poles is from the same rod of 
Iron, and about 3} inehes lung. Twunty separate strands 
of copper wire, each strand about SO (eet in length, are 
coiled around the Iron, one above another, from pole to 
pole, and separated from each other by intervening cases 
of silli: the first coil is only the thickness of one ply of silk 
from the iron; the twentieth, or outermost, about half an. 
inch from it. By this means the wires are eoiupletely in- 
sulated from each other without the trouble of covering 
them with thread or varnish. The ends of vrire project 
about two feet for the convenience of connection. With 
one of my small cylindrical batteries, exposing about 100 
square inches of total surface, this electromagnet supports 
400 pounds. I have tried it with a larger battery, but its 
energies do not seem to be so materially exalted as might 
have been expected by increasing the extent of galvanic 
Burface. Much depends ufHin a proper acid solution ; good 
nitric or nitrous acid, with about six or eight times its quan- 
tity of water, answers very well. With a new batt«ry of 
the above dimensions and a strong solution of salt and 
water, at a temperature of 11)0 degrees Fahr., the eleotro- 
ma^et supported between 70 and 80 pounds when the first 
17 coils only were in the circuit. With the three exterior 
Uioils alone In the circuit, it would just support the lifter or 
■■MMpiece. When the temperature of the solution was be- 
^^^^b 40 and SO degrees, the ma^i^netic force excited was 
^^^Kratively very feeble. With the innermost coll alone 
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and a strong acid solution this electromagnet sapports 
about 100 pounds ; with the four outermost wires about 250 
pounds. It improves in power with every additional coil 
until about the twelfth, but not perceptibly any further; 
therefore the remaining eight coils appear to be useless, 
although the last three, independently of the innermost 17, 
and at the distance of half an inch from the iron, produce 
in it a lifting power of 75 pounds. 

" Mr. Marsh has fitted up a bar of iron much larger than 
mine with a similar distribution of the conducting wires to 
tiiat devised and so successfully employed by Professor 
Henry. Mr. Marshes electromagnet will support about 600 
pounds when excited by a galvanic battery similar to mine. 
These two, I believe, are the most powerful electromagnets 
yet produced in this country. 

"A small electromagnet, which I also employ on the lec- 
ture table, and the manner of its suspension, is represented 
by Fig. 3, Plate VI. The magnet is of cylindric rod iron 
and weighs four ounces ; its poles are about a quarter of an 
inch asunder. It is furnished with six coils of wire in the 
same manner as the large electromagnet before described, 
and will support upward of 50 pounds. 

" I find a triangular gin very convenient for the suspen- 
sion of the magnet in these experiments. A stage of thin 
board, supporting two wooden dishes, is fastened, at a 
proper height, to two of the legs of the gin. Mercury ii 
placed in these vessels, and the dependent amalgamated 
extremities of the conducting wires dip into it — one into' 
each portion. 

** The vessels are sufficiently wide to admit of considerabl 
motion of the wires in the mercury without interrupting 
the contact, which is sometimes occasioned by the swingii ) 
of the magnet and attached weight. The circuit is co^. 
pleted by other wires, which connect the battery with the 
two portions of mercury. When the weight is support* 
as in the figure, if an interruption be made by removit 
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either ol the connecting wires, the weight instantaneously 
drops on the table. The large magnet I suspend in the 
same way on a larger gin ; the weights which it supportB 
are placed one after another on a nquare board, suspended 
by means of a cord at each comer from a hook in the cross- 
piece, which joins the poles of the magnet. 
'■ With a new battery and a solution of salt and water, at 




a temperature of 190 degrees Pahr., the small electromag- 
net. Fig. 3, Plate VI., supports 1« pounds." (See Fig. 4.) 

In 1840, after Sturgeon had removed to Manchester, 
where he assumed the management of the "Victoria 
Gallery of Practical Science," he continued his work, 
and in the seventh memoir in hia series of researches he 
wrote aa follows : 
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" The electromagnet belonging to this institution is made 
of a cylindrical bar of soft iron, bent into the form of a 
horseshoe magnet, havmg the two branches parallel to each 
other and at the distance of 4.5 inches. The diameter of the 
iron is 2.75 inches; it is 18 inches long when bent. It is sur- 
rounded by 14 coils of copper wire, seven on each branch. 
The wire which constitutes the coils is one-twelfth of an 
inch in diameter, and in each coil there are about 70 feet 
of wire. They are united in the usual way with branch 
wires, for the purpose of conducting the currents from the 
battery. The magnet was made by Mr. Nesbit. . . . The 
greatest weight sustained by the magnet in these experi- 
ments is 13f hundred-weight, or 1,386 pounds, which was 
accomplished by 16 pairs of plates, in four groups of four 
pairs in series each. The lifting power by 19 pairs in series 
was considerably less than by 10 pairs in series ; and but 
very little greater than that given by one cell or one pair 
only. This is somewhat remarkable, and shows how easily 
we may be led to waste the magnetic powers of batteries by 
an injudicious arrangement of its elements." ^^ 

At the date of Sturgeon^s work the laws governing 
the flow of electric currents in wires were still obscure. 
Ohm^s epoch-making enunciation of the law of the elec- 
:ic circuit appeared in Poggendorff's AnnaJeii in the 
?ry year of Sturgeon^s discovery, I8:;^5, though his 
>tnp]ete book appeared only in 1827, and his work, 
I'anslated by Dr. S'rancis into English, only appeared 
in Taylor's "Scientific Memoirs/' vol. ii.) in 1841. 
iVithotit the guidance of Ohm & ^i^^^ if -.'c*o .lui stiunge 
that even the most able experimenters should not un- 
derstand the relations between battery and circuit which 
"Would give them the best effects. These had to be 

»» sturgeon's "Scientific Researches," p. 188. 
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Iby the painful method of trial and fiiilure. Priv 
pt among those who tried whs Prof. Joseph Henry, 
pt the AUmny Institute in Kew York, Inter of 
Bton, N. J., who succeeded in effecting nn inipor- 
inprovement. In 1838, led on hy a study of the 
liplier" (or galvanometer), he proposed to apply 
tromagnetic ayiparatus the device of winding 

1 with a spiral coil of wire "closely turned on it- 

irflf," the wire heing of copper from one-fortieth to one- 
■(wenty-fifth of an inch in diameter, covered with silk, 
•tn 1831 he thus describes" the results of his experi- 
ments: 

I "A round piece of iron, about one-qiiarter of an inch in 
jdiameter, was b(>nt into the usual form of a, horseshoe, and 
raist«ad of loosely colling around it a few feet of wire, as is 
•UBually described, it was tightly wound with 35 feet of wire 
«OTered with silk, ao as to fonu about 400 turns; a pair of 
small galvanic plates, which could be dipped into a tumbler 
of diluted attid, was soldered to the ends of the wire and 
tbe whole mounted on a. Btand. With these smail plates 
the horseshoe became much more powerfully magnetic than 
another of the same size, and wound in the same manner, 
by the application of a battery composed of 28 plates of 
copper and Kinc, each eight inches square. Anotlier cou- 
venient form of this apparatus was contrived by winding 
a straight bar (if tmii nine inches long with 35 feet of wire 
and supportiTig it horizontally on a small cup of copper 
containing a cylinder of nine ; when this cup, which served 
the double purpose of a stand and the galvanic element, 
was filled with dilute acid the bar became a portable plec- 
trouiagnet. These articles were exhibited to the institute 
I'ln Uareh, 183H. The idea afterward occurred to uie that j. 
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HulTiriont ({uantity of galvanism was furnished by the two 
Kiiiall plates to develop, by ineaiis of the coil, a much greater 
iiia^ieti(* j)ower in a larj^er pieee of iron. To test this, a 
cylindrical bar of iron, half an inch in diameter and about 
10 inches lonj?, was lM»nt into the shape of a liorseshoe, and 
wound with IJO feet of wire ; with a i>air of plates containing 
oidy 2i wpiare inches of zinc it lifted 15 pounds avoirdupois. 
At the Kiinie time a very material improvement in the for- 
mati(m of the coil sufj^j^ested itsc^lf to me on reading a more 
detailed jwcount of Professor Schweigfj^er's galvanometer, 
and which wiis also tested with complete success upon the 
same horseshcn*; it consisttnl in using several strands of 
wire, each covered with silk, instead of one. Agreeably to 
this construction a second wire, of the Siime length as the 
first, was wound over it, and the ends soldered to the zinc 
and copper in such a manner that the galvanic current 
might circulate in the same direction in both, or in other 
words that the tw^o wires might act as one; the effect by 
this addition was doubled, as the horseshoe, with the same 
plates before used, now supported 2S pounds. 

"With a pair of plates four inches by six inches it lifted 
39 pounds, or more than 50 times its own weight. 

" These experiments conclusively proved that a great de- 
velopment of magnetism could be effected by a very small 
galvanic element, and also that the power of the coil was 
materially increased by multiplying the number of wires 
without increasing the number of each." ^^ 

Not content with those results, Professor Henry 
pushed forward on tlie line he had thus struck out. Ho 
was keenly desirous to ascertain how large a magnetic.^ 
force he could produce when using only currents o] 
such a degree of smallnoss as could be transmitted 
til rough the comparatively thin copper wires, such m 

" " Scienliflc Writings of Joseph Henry,'"' p. 39. 
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bell-hangers use. During the year 1830 he made great I 
progresH in this direction) aa the following extniuta show : I 

" In order to deterniine to what extent the eoil coald be 
applied in developing magnetism in soft iron, and also ta 
ascertain, if possible, the most proper length of the wires to 
be used, a aeries oF experiments was instituted jointly by 
Dr. Philip Ten Byck and myself. For this purpose 1,0(10 
feet (a little njore than one-fifth of a luile) of copper Wire 
of the kind called belt wire, .04S of an inch in diuuieter, 
were stretched several times ucrosa the large room of the 
Academy. 

" Mvperiment 1. — A galvanic current froni a single pair of 
plates of copper and zinc two inches square was passed 
through the whole length of the wire, and the effect on a 
galvanometer noted. Prom the mean of several observa- 
tinns, the deflection of the needle was IS degrees. 

" Expei-imerit 3.— A current from the same plates was 
passed through half the above length, or 5aO feet of wire; 
the deSeetiun in this instance was 31 degrees. 

" By a reference to a trigonometrical table, It will be seen - 
that the natural tangents of 15 degrees and 81 degrees are 
very nearly in the ratio of the square roota of 1 and 2, or of 
the relative lengths of the wires in these two enperiuients. 

" The length of the wire forming the galvanometer may 
be neglected, as it was only 8 feet long. 

"Experiments. — The galvanometer was now removed, 
and the whole length of the wire attached to the ends of 
the wire of a small soft iron horseshoe, a quarter of an Inch 
in diameter, and wound with about eight feet of copper 
wire with a galvanic eiirrent from the plates used in expe- 
riments 1 and 2. The magnetism was scajuely observable 
in the horseshoe. 
' ~ Experiment 4. — The small plates were removed and a 
I battery eonip()Eed of a piece of zinc plate frmr inches by 
t jnobes, surrounded with copper, was substitnted. 
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When this was attachcnl iiiiiiie<liately to the ends of the 
eif?ht feet of wire wound round the horseshoe, the weight 
lifted was 4^ ]Nmnds: when the current was passed through 
the whole len{L^th of wire (1,0(K) feet) it lifted about half an 
ounce. 

** Experiment 5.— The current was passed through half 
the lenj^h of wire (580 feet) with the same battery ; it then 
lifted two ounces. 

*' Experiment 0. — Two wires of the saiue length as in the 
last exi>erinient were nstnl, so as to form two strands from 
the zinc and copjH^r of the batt<*ry; in this ease the weight 
lifted wfis four ounces. 

" Experiment 7. — The whole lenj^th of the wire was at- 
tached to a small trough on Mr. Cruickshanks' plan, con- 
tainiuf^ 25 double plates, and presenting exactly the same 
extent of zinc surface to the action of the acid as the battery 
used in the last experftnent. The weight lifted in this ease 
was eight ounces; when the intervening wire was removed 
and the trough attached directly to the ends of the wire 
surrounding the horseshoe, it lifted only seven ounces. . . . 

" It is possible that the different states of the trough with 
re8i)ect to dryness may have exerted some influence on this 
remarkable result ; but that the effect of a current from a 
trough, if not increased, is but slightly diminished in pass- 
ing through a long wire is certain. . . . 

" But be this as it may, the fact that the magnetic action 
of a current from a trough is, at least, not sensibly dimin- 
ished by passing through a long wire is directly applicable 
to Mr. Barlow's i>roject of foriuing an electromagnetic tele- 
graph ; and it is also of material consequence in the con-; 
struction of the galvanic coil. From these experiments it isi 
evident that in forming the coil we may either use one veryi . 
long wire or several shorter ones, as the circumstances may 
require; in the flrst case, our galvanic combinations must^ 
consist of a number of plates, so as to give ' projectile force i ' 
in the second it must be formed of a single pair. 
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" In order to test on a large scale the truth of these pre- 
liminary results, a bar of soft iron, two inches square and 
20 iDcheH long, was bent Into the tonu of a horseshoe 94 
inches fiigh. The sharp edges of the bar were HrBt a little 
rounded by the hammer — it weighed HI pounds; a piece of 
iron from the saiiie bar, weighing seven jiounds, was Sled 
perfectly flat on one surfaee, for aii armature or lifter; the 
extremities of the legs of the horseshoe were also tnily 
ground to the surface of the armature ; around this horse- 
ehoe 540 feet of copper bell wire were wound in nine coila of 
60 feet each; these coils were not continued around the 
whole length of the bar, but each strand of wire, accorduig 
to the principle before mentioned, oocupied about two 
inches, and was coiled several times backward and forward 
over itself; the several ends of the wires were left project- 
ing and all numbered, so that the flrst and last end of each 
strand might be readily distinguished. In this manner we 
fonneii an exijeriniental ma^et un a large scale, with which 
several combinations of wire could be made by merely unit- 
ing the different projecting ends. Thus if the second end 
of the first wire be soldered to the flrst end of the second 
wire, and ho on through all the series, the whole will fonu 
a continuous eoil of one long wire. 

" By soldering different ends the whole may be formed in 
a double eoU of half the length, or into a triple coil of one- 
third the lengtli, et«. The horaeBhoe was suspended in a, 
strung rectangular wooden frame, ^ feet 9 inches high and 
SO inches wide; an iron bar was fiied below the magnet, so 
as to act as a lever of the second order ; the different weights 
supported were estimated by a sliding weight in the same 
manner as with a eounnon steel-yard (see sketch). In the 
experiments immediately following (all weights being avoir- 
upois) B. small single battery was used, consisting of two 
inoentrio etipper cylinders with zinc between them; the 
h6k9 amount of zinc surface exposed to the acid from 
■^des of tlie ssinc was two-fiftha of a square foot; the 
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battery re<iuirtHl only lialf a pint of dilute acid for its sub- 
mersion. 

** Experiment 8.— Each wire of the horseshoe "v soldered 
to the battery in succeHsion, one at a time ; the a^pietism 
develojMMl by each wils just sufficient to suijport the weight 
of the armature, weif^hinj? seven iK>unds. 

" Expvrimtnt 9. — Two wires, one on each side of the arch 
of the horseshoe, were attac»hed ; the weight Ufted was 145 
pounds. 

" Ej-penment 10. — With two wires, one from each extrem- 
ity of the leps, the weight lifted was 200 pound 

" Experiment 11. — With three wires, one from each ex- 
tremity of the legs and one from the middle of the arch, 
the Aveight 8upi)orted was 800 pounds. 

''Experiment 12.— With four wires, two from each ex- 
tremity, the weight lifted was 500 pounds and the armature; 
w^hen the acid was removed from the zinc, the magnet con- 
tinued to support for a few minutes 180 pounds. 

" Experiment 13.— With six wires the weight supported 
was 570 pounds; in all these exi)eriment8 the wires were 
soldered to the galvanic element; the connection in no case 
was formed with mercury. 

*' Experiment H. — When all the wires (nine in number) 
were attached, the maximum weight lifted tmiH Q^'iO pounds, 
and this astonishing result, it must be remembered, was 
produced by a battery containing (miy two-fifths of asquaie 
foot of zinc surface, and requiring only half a pint of dilute 
acid for its submersion. 

" Experiment 15.— A small battery, formed with a pla'll 
of zinc 12 inches long and G inches wide, and surrounded 
copper, was substituted for the galvanic elements used in t 
last experiment ; the weight lifted in this cfise was 750 iJOun< 

'^ Exj^eri mentis. — In order to ascertain the effect orJ 
very small galvanic element on this large quantity of iro 
a pair of plates exactly one inch square was attached to i 
the wires ; the weight Ufted was ^5 pounds. 
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" The following experiments were made with wires of dif- 
ferent lengths on the same liorseshoe: 

''Experiment 17. — With six wires, each 30 feet long, at- 
tached to the galvanic element, the weight lifted was o75 
pounds. 

" ExpeHment 18. — The same wires used in the last ex[)eri- 
ment were united so as to form three coils of 00 feet each ; 
the weight supported was 290 pounds. This result agrees 
nearly with tiiat of experiment 11, though the same indi- 
vidual wires were not used; from this it appears that six 
short wires are more powerful than three of double the 
length. 

' Experiment 19. — The wires used in experiment 10, but 
united so as to form a single r'oil of 120 feet of wire, lifted GO 
pounds; while in experiment 10 the weight lifted was 200 
pounds. This is a confirmation of the result in the last ex- 
periment. . . . 

" In these experiments a fact was observed which appears 
somewhat surprising : when the large battery was attached, 
and the armature touching both poles of the magnet, it 
was capable of supporting more than 700 pounds, but when 
only one pole Avas in contact it did not support more than 
five or six pounds, and in this case we never succeeded in 
making it lift the armature (weighing seven pounds). This 
fact may perhaps be common to all large magnets, but we 
have never seen the circumstance noticed of so great a dif- 
ference between a single pole and both. . . . 

**A series of experiments was separately instituted by Dr. 
Ten Eyck, in order to determine the maxinmm development 
d| magnetism in a small quantity of soft iron. 

Most of the results given in this paper were witnessed 
Dr. L. C. Beck, and to this gentleman we are indebted 
several suggestions, and particularly that of substitut- 
■g cotton well waxed for silk thread, which in these in- 
stigations became a very considerable item of expense. 
3 also made a nuuiber of experiments \^\W\ \\v>w \><oww^V 
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wireH, which, l>euig found in commerce ab'eady wound, 
ini^ht possibly be substituted in place of copper. The re- 
sult was that with very short wire the effect was nearly the 
same as with eopi>er, but in coils of long wire with a small 
galvanic element it wiis not found to answer. Dr. Beck 
also constructed a horseshoe of round hx)n one inch in 
diameter, with four coils on the plan before described. 
With one wire it lifted 30 pounds, with two wires 60 pounds, 
with three wires 8o i)ounds, and with four wires 112 pounds. 
While we were engjiged in these investigations, the last 
number of the Edinbtiryh Journal of Science was received 
containing Professor MolTs paixjr on * Electromagnetism.* 
Some of his results are in a degree similar to those here de- 
scribed; his object, however, wjis different, it being only to 
induce strong nuignetism on soft iron with a powerful gal- 
vanic battery. The i)rincipal object in these experiments 
was to produce the greatest magnetic force with the small- 
est (luantity of galvanism. The only effect Professor MolPs 
jjHper has had over these investigations has been to hasten 
their publication ; the principle on which they were insti- 
tuted was known to us nearly two years since, and at that 
time exhibited to the Albany Institute."** 

In the next number of Sillimaii's Jonrnal (April, 
1831) Professor Henry gave " an account of a large eleo- 
tromagnet made for the laboratory of Yale College." 
The core of the armature weighed 59i^ pounds; it wai 
forged under Henry's own direction, and wound by L^t 
Ten Eyck. This magnet, wound with 26 strands i^, 
copper bell wire of a total length of 728 feet, and exc" 
by two cells which exposed nearly 4^ square feet of Soi 
face, readily supported on its armature, which weigh 
23 pounds, a load of 2,063 pounds. 

3< " Scientific Writings of Joseph Henry," p. 49. 




tKCTlIRES ON THE ELECTROMAGNET. 35 

; in ISti? of his MU-lior uxficrimouta, Henry 




Tills flgurp, copied from tbe&imtlficAma-icaH. Dec. 11, 1N80, represei 
iry's eleutromaenrt still pWBervert in Prinurfnn College. Tlie other app 

am Biperimeuts oD secondary tmd f«rtiary currentB, were 010811/ eg 
oM br BefiT'B own bands. 
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speaks** thus of his jileus rosptL'tiiig thtt use of nttJi- 
Uon&l ooi]a on the nrngnet uii<l the inereiiae of butten 
power: 

■■ To te«t thMe principles on a lanrer scfJe the eKperiiueo- 
ttH uiH^et was onxtnictMt, whioh is shown in Fig. 6. In 
tills a Dumber of coTiit)ouu<l lieliopa were plac>ed on the saiue 
tMir, their oudc left priiJeetiiiKT and tfo nunitKTed iJiat they 
eiiuld all l>e united into one lonR heiii, 
or variously combined in setK of leaser 
U'liffth. 

" From a series of eiperiments with 
tliiti and ullter inagnetH, it was proved 
that in order to produce the greatest 
amount cif magnetism from u battery 
of a single cup a number of helices in 
required ; but wheu a compound bat- 
tery is used theu one long wire lunst 
r.»..^.^ ..,.«,.->- (jg employed, making many tuma 
around the iron, the length of wir^ 
and consefinently the number of tuwiB, being coniiuenBa- 
rate with the projectile power of the iMittery. 

"In describing the results of my esperiments, the teriBB ) 
'intensity' and 'quantity' njagnetB wore intiodiiced 
avoid circumlocution, and were intended to be n 
in a technical sense. By the intensity magnet 1 dcsignat^ 
a piece of soft iron, bo surrounded with wire that i 
netic power could be called into operation hy an intensil 
battery ; and by a quantity magnet, a piece of iron s 
rounded by a number of separate coils that Its magnetis^ 
could be fully developed by a quantity battery. 

" I w^as the first to point out this connection of the t 
kinds of the battery with the two forms of the magnet, iJ 
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myjiaper, in 8/11/ man's Jmiriidl, January, 1831, and clearly 
to atat« that when inasi'stism was to be (ieveloped by 
means of a compound battery one long coil must be em- 
ployed, and wlien the uiaxiuinm effect was to he produced 
by a single battery a number of single atrands should be 
used. , , . Neither the eleetroniaKnet of Sturgeon nor any 
electromagnet ever made previous to my investigationH 
was appUi^ahie to transmitting power to a distance. . . . 
The electromagnet made by Sturgeon and copied by Dana, 
of New York, was an imperfect quantity magnet, the feeble 
power of whioh was developed by a single battery." 



Finally, Henry" t 



wn positio 



i fol- 



lows; 

' 1. Previous to my investigations the means of develop- 
ing magnetism in soft iron were iinperfectly understood, 
and the electromagnet which tlien existed was inapplicable 
to transmifisions of power to a distance. 

was the first t<i prove by actual esperiuient that in 
order to develop magrnetic power at a distance a galvanic 
battery of ' intensity ' ninst be employed to project the cur- 
rent through the lung conductor, and that a magnet sur- 
rounded by many turns of one long wire must be used to 
receive this current. 

was the first to actually magnetize a piece of iron at 
a distance, .ind to call attention to the tact i>f the applica- 
bility of niy experiments to the telegraph. 

"4. I was the first to actually sound a bell at .1 distance 
ftraeans of the electromagnet. 

^ 5. The principles I had developed were applied by Dr. 
e to render Morse's machine effective at a distance." 

Though Henry's rpsearc'hes were pnhlisheri in 1831, 
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tlioy were for some years almost unknown in Europe. 
Until Aj)ril, 1837, wlien Henry himself visited Wheat- 
stone at liis hibonitory at King's College, the latter did 
not know how to construct an electromagnet that could 
be worked through a long wire circuit. Cooke, who 
became the coadjutor of Wheatstone, had originally 
come to him to consult him,^^ in February, 1837, about 
his telegraph and alarum, the electromagnets of which, 
though they worked well on short circuits, refused to 
work wlien i)lacod in circuit with even a single mile of 
wire. Wheatstone's own account^* of the matter is 
extremely explicit: "Relying on my former experience, 
I at once told Mr. Cooke tliat his plan would not and 
could not act as a telegraph, because sufficient attractive 
2)ower could not be ini])arted to an electromagnet inter^ 
posed in a long circuit; and, to convince him of the 
trutli of this assertion, I invited him to King's College 
to see the repetition of the experiments on which my 
conclusion was founded, lie came, and after seeing a 
variety of voltaic magnets, which even with powerful 
batteries exhi])ited only slight adhesive traction, he 
expressed his disappointment.^' 

After Henry's visit to Wheatstone, the Litter altered 
his tone. He had been usmg, faide de mieux, relay cir- 
cuits to work the electromagnets of his alarum in % 
short circuit with a local battery. "These short i}^ 
cuits," he writes, "have lost nearly all tlieir importar 



I 



\^ 



'" See Mr. Latimer Clark's account of Cooke in vol. viii. of Jour. Si 
Telegr. Engineers, p. 374, 1880. 

3» W. F. Cooke, "The Electric Telej?raph ; Was it Invented by Prof. NVhej 
stone?" 1856-57, part ii., p. 87. 
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and are scarcely wortli contend iiig about since my dU- ' 
covery " (the italics are our own) " that electromagnets 
may be bo constructed as to produce the required effects 
by means of the direct current, even in very long cir- 
cnita." * 

We pass on to the resesirchea of the distinguished i 
phi siciflt of Manchester, whose decease we have lately 
had to deplore, Mr. James Prescott Joule, who, fired by ^ 
the work of Sturgeon, made most valuable contributions ' 
to the anbject. Most of these were publiahe<l either in ' 
Sturgeon's Annals of EkclrHii/, or in the Proceedinga 
of the Literary and PliUonopMcal Soeiety of Manchester, 
but their most accessible form is the republished vol- { 
ume issued five years iigo by the Physical Society of 
Loudon. 

In his earliest investigations he was endeavoring to 
work out the details of an electric motor. The follow- 
ing is an extract from his own account {" Reprint of 
Scientific Papers," p. 7) : 

" In the further prosecution of my inquiries, I took six 
pieces o( round bar iruii of different diameters and lengths, 
also a, hollow cylinder, one -thirteenth of an inch thicJt in 
the metal. These were bent in the U-fomi, so that the 
shortest distauc^e between the poles of each waa half an 
inch; each was then wound with 10 feet of covered copper 
wire, one-fortieth of an inch in diameter. Their attractive 
powers under like currents for a straight Rt«el msignet, 11 
btehes long, suspended horizontally to the beam of a hal- 
». at the distance of half an inch, as follows; (See 
age 40.) 

^neel magnet gave an attractive power of 2'i grains, 

Hklta lifting power was not greater than 00 ounces. 
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L<Mi^tli round the lM*nd in 

iiM-lit*s 

I)iuiiH*t*'r iu iiiebes 

Attract ion for Kttvl magnet, in 

KHiins 

Wt'i^cht lifttMl. In oune<»H 



No. 1. 
Hollow. 


No. 2. 
Solid. 


No. 8. 
Solid. 


No. 4. 
Solid. 


No. 6. 
SoUd. 


No. 6. 
Solid. 


6 


'ti 


1^^ 


^ 


•^ 


7.6 
80 


6.3 
52 


6.1 
92 


6.0 
86 


4.1 
62 


4.8 
20 






1^ 

8.6 
28 



** Tlie above results will not appear surprising if we 
consider, first, the resistance which iron presents to the 
induction of nijifi^netisni, and, second, how very much the 
induction is exalted by the completion of the magnetic 
circuit. 

" Nothinfj: can ])e more striking than the difference be- 
tween the ratios of lifting to attractive power at a distance 
in the different magnets. While tlie steel magnet attracts 
with a force of 2'^ grains and lifts 00 ounces, the electromag- 
net No. 3 attracts with a force of only 5.1 grains, but lifts 
as much as 92 ounces. 

" To make a good electromagnet for lifting purposes: 1st. 
Its iron, if of considerable ])ulk, should be compound, of 
good (juality, and well annealed. 2d. The bulk of the iron 
should bear a much greater ratio to its length than is gen- 
erally the case. 3d. Th(» poles should be ground quite true, 
and fit flatly and accuratt^ly to the armature. 4th. The 
armature should be equal in thickness to the iron of the 
magnet. 

" In studying what form of electromagnet is best for at- 
traction from a distance, two things must be considered, 
viz., the length of the iron and its sectional area. 

" Now I have always found it disadvantageous to incre;^ 
the length beyond what is needful for the winding of tjjji 
covered wire." 

These results were announced in March, 1839. I|t 
May of the same year he propounded a law of the mutii, 
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attraction of two electromagnets as follows: "The at- 
tractive force of two electromagnets for one aiiotlier is 
directly proportional to the square of the electric force 
to which the iron is exposed: or if E denote the elec- 
tric current, W the lengtii of wire, and M the magnetic 
attraction, M—E^W," The discrepancieB which he 
himself observed he rightly attributed to the iron he- 
coming saturated niagiieticully. In March, 18i0, he ex- 



i this same law to the lifting power of the horse- 
shoe electromagnet. 

In Angust, 1840, he wrote to the A nnah of Eleetrvntif 
on electrom agnatic forces, dealing chiefly with some 
special electromagnets for traotion. One of these pos- 
seaaed the form shown in Fig, 7- Both the magnet and 
the iron keeper were furnished with eye-holes for the 
purpose of suspension and measurement of the force 
requisite to detach the keeper. Joule thus writes about 
th< experiments:^^ 

[ proceetl now to describe luy eleetromasnets, wliicli I 
roeteil of very different aitnn in order to develop any 

ti " Scienliflo Papers," vol. L, p. 8J. 
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curiouK oircuiiiHtance which might present itself. A piece 
of cylindrical wrought iron, eight inches long, had a hole 
one inch in diameter bored the whole length of its axis, 
one Hide whm planeil until the hole was exposed saflQciently 
to K(*parate the thus formed poles one-third of an inch. 
Another pie<*e of iron, also eight inches long, was then 
planed, and, l)eing secured with its face in contact with the 
other planed surface, the whole was turned into a cylinder 
ei^ht inches lon^, 3f inches in exterior, and one inch interior 
diameter. The larjirer piece was then covered with calico 
and wound with four copi)er wires cx)vered with silk, each 
2''\ fe(»t Un\^ and one-eleventh of an inch in diameter — ^a 
quantity just sufficient to hide the exterior surface, and to 
fill the interior opened hole. . . . The above is designated 
y*). 1 ; and the rest are num]>ered in the order of their de- 
scription. 

" 1 made Xo. 2 of a bar of half-inch round iron 2.7 inches 
lon^. It was bent into an almost semicircular shape and 
then covered with seven feet of insulated copper wire ^ inch 
thick. The poles are half an inch asunder, and the wire 
completely fills the space between them. 

"A third electroma^^net Wiis made of a piece of iron 0.7 
inch lon^, 0.37 inch broad, and 0.15 inch thick. Its edges 
were reduced to such an extent that the transverse seot]<m 
was ellii)tical. It was bent into a semicircular shape, and 
wound with 19 inches of silked copper wire ^i^^ inch in diam- 
eter. 

" To procure a still more extensive variety, I constructed 
what might, from its extreme minuteness, be termed an«li- 
mentai'y electromagnet. It is the smallest, I believe, eW 
made, consisting of a bit of iron wire I inch long and -^^ \ 
in diameter. It was bent into the shape of a semicirj 
and was wound with three turns of uninsulated copper v| 
5V inch in thickness." ^ 1 

With these magnets experiments were made with ^ 
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oas Btrongths of currents, the tractive forces being 
oneasured by an nrrangemeut of levers. The results, 
"briefly, are as follows: Electromagnet No. 1, the iron 
vt whieh weighed 15 pounds, required a weight of SJj090 
pounds to detach the keeper. No, i, the iron of which 
■weighed 1,05? grains, required 49 pounds to detach its 
armature. No. 3, the iron of which weighed 65.3 grains, 
supported a load of la pounds, or 1,28(; times its own 
■weight. No. 4, the weight of which was only half a 
grain, carried in one instance 1,417 grainsj or 2,834 times 
its own weight. 

It required much patience to work with an arrangement 
BO minute as this laet; and it 1b probable that I might ulti- 
mately have obtained a larger figure tlion the above, which, 
however, exhibits a power proportioned to itti weight far 
greater than any on record, and is eleven times that of the 
celebrated steel magnet which belonged to Sir Isaac New- 
It is well known that a steel magnet ought to have a 
Miueh greater length than breadth or thickness; and Mr. 
Bcoreaby has found that when a large number of straight 
Bteel magnets are bundled together, tlie power of each when 
separated and examined is greatly deteriorated. All this is 
ily understood, and finds its cause in the attempt of each 
part of the system to induce ui»n the other part, a contrary 
magnetism to its own. Still there is no reason why the 
Principle should in all cases be extended from tlie steel to 
,lie electromagnet, since in the latter case a great and com- 
^Kianding inductive power is brought into play to sustain 
0^'hat the former has to support by its own unassisted re- 
fc«ntive property. All the preceding experiments support 
bills position; and the following table gives proof of the 
t^'bviouB and necessary general consequence ; the maximum 
fc><)wer of the electromagnet is directly proportional to its 
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least transverse stn^tioiial area. The second colamn of the 
tabh' contains the least sectional area in square inches of 
tlie entire niu^netie cireuit. The maximum power in pounds 
avoirdupois is rcM'orcled in the third; and this, reduced to 
an inch s({uare of sectional area, is given in the fourth col- 
umn under the title of s|>ecific jKjwer. 

Table I. 



I>ES<'KII'TI()N. 



I No. 1 




My own electronmj;iiet8 i v^" y 



[: 



No. 4 

Mr. J. C Nesblt's. Ivfnjfth nniiul the curve, 3 
feet ; diameter of iron core, 2^ iu<*hes : sectional 
area. 5.7 inche.s ; (1«). of armature, 4.5 ii)ches : 
weielitof iron, alxMit 50 [Kiunds 

Prof. Henry's. Ix'n^ih round I he curve. '^) inches; 
section. 2 inches s<iuare ; sharp edg:v*s lounded 
off ; w«*ipht, 2\ jK)unds 

Mr. SturK on'soriprinal. Length round the curve, 
about 1 foot ; diameter of the round bur, ^ inch 



10 

0.196 
0.04;« 
0.0012 



4.5 

3.94 
0. 1% 



" The above examples are, I think, sufficient to prove the 
rule I have advanced. 'So. 1 was probably not fully satu- 
rated ; otherwise I have no doubt that its i)Ower per square 
inch would have api)roached 800. Also the specific power 
of No. 4 is small, because of the difficulty of making a good 
experiment with it." 

These experiments were followed by some to ascertain 
the effect of the length of the iron of the magnet, which 
he considered, at least in those cases where the den;ree 
of magnetization is considerably below the point! of 
saturation, to offer a decidedly proportional resistalnce 
to magnetization; a view the justice of which is n§;>ir, 
after 50 years, amply confirmed. 
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In November of the saiim year furtUer experiments" 
in the wime direction were piibliahed. A tube of iron, 
Bpinilly made and welded, was prepared, planed down 
as in the preceding case, and fitted to a similarly pre- 
pared armature. The hollow cylinder thus formed, 
shown in Fig. 8, was two feet in length. Its external 
diameter was 1.42 inches, its internal being 0.5 inch. 
The least sectional urea was lC>i square inches. The 
exciting coil consisted of a single copper rod, covered 
with tiipe, bent into a sort of S-shape. This whb later 
replaced by a coil of ^1 copper wires, each Jj inch in 



li 



diameter and 23 feet long, hound together by cotton 
t:ipe. This magnet, excited by a battery of 16 of Stur- 
geon's cast-iron cells, each one foot square and one and 
a h.-ilf inches in interior width, arnmged in a series of 
four, gave a lifting power of 2,775 pounds. 

Joule's work was well worthy of the master from 
whom he had learned his first lesson in electromagnet- 
ism, lie showed his devotion not only by writing de- 
scriptions of them for Sturgeon's An>iit!)i, but by exhib- 
iting two of hia electromagnets at the Victoria Gallery 
of Practical Science, of which Sturgeon was director. 
Olfa^rs, Btinuiliited into activity by Joule's example, pro- 
pO^ new forms, among them being two Manchester 



"BdBiiUHcPftpera," p. 40, sua Annah of Ebxiririlg, vul. v., p. 170. 
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gentlemen, Mr. Kadford und Mr. Bichard Uoberte, the 

latter being ti well-known engineer and inventor. Mr. 
Radford's electromagnet consisted 
of a flat iron disc with deep spiral 
grooves cut in its face, in which 
were Iiiid the insulated copper vires. 
The armature consisted of a plain 
iron disc of similar size. This form 
is described in Vol. I V. of Sturgeon's 
Ajn>ah. 

Mr, Roberts' form of electro- 
magnet consisted of a rectangular 
■ iron block, having straight parallel 
groovea cut across its face, as in Fig. 

9. This was described in Vol, VI. of Sturgeon's An- 

nah, page ICG. Its fiice was 6f inches square and 

its thickness 3|\ inches. It 

weighed, with the conducting 

wire, 35 pounds; andthearm- 

atnre, of the same size and 

1^ inches thick, weighed 2.S 

pounds. The load sustained 

by this magnet was i 

than 2,950 pounds. Roberts 

inferred that a magnet if made 

of equal thickness, but five 

feet square, would sustain 100 ^ 

tons' weight. Some of Roberts' 

apparatus is still preserved in the Museum of 

Park, Manchester. 
On page 431 of the same Tolume of the Antials i 
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described yet imothcr form of electromagnet, t.Iie form 
of which resembled in general Fig. 10, Imt which, in 
actual fact, was built up of 24 separate fliit pieces of iron 
bolted to a circular brass ring. The armature waa a 
similar structure, but not wound with wire. The iron 
of the magnet weighed aeveii pounds and that of the 
armature 4.55 pouuds. The weight lifted was 2,710 
pounds when excited by 16 of Sturgeon's cast-iron cells. 

In a subsequent paper on the calorific effects of mag- 
neto-electricity,*^ published in 1843, Joule described 
another form of electromagnet of horseshoe shape, made 
from a piece of boiler-phite. This was not intended to 
give great lifting power, and was used as the field mag- 
net of a motor. In 1852 another powerful electromiig- 
net of horseshoe form, somewhat similar to the preced- 
ing, was constructed by Joule for experiment. lie came 
to tlie conclusion *' that, owing to magnetic saturation 
setting in, it was improbable that any force of electric 
current could give a magnetic attraction greater than 
200 pounds per square inch. " That is, the greatest 
weight which could be lifted by an electromagnet formed 
of a bar of iron oue inch square, bent into a semicircu- 
lar shape, would not exceed 400 pounds." 

With the researches of Joule may be said to end the 
first stage of development. The notion of the magnetic 
circuit which had thus guided Joule's work did not 
contend itself at that time to the professors of physi- 
aillheories; and the practical men, the telegmph en- 
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re, were for the most part content to work by 
Ppurt'ly empirical melhixJs, Between the practical man 
and tite thcoreticHl man there was, at leiist on this topia, 
a ^rreut gulf l]xo<l. Thu theoreticiil man, arguing as 
though magnetism consisted in a surface distriliution of 
polarity, and as tliough the laws of electromagnets were 
like those of steel magnets, liiid down rules not applica- 
ble to the cases whit-h occur in practice, and which 
tiliudered rather than helped progress. The practical 
, finding no help from tbcory, threw it on one side 
B misleading and nseless. It is true that a few work- 
ers made careful obaervations and formulated into rulee 
the results of their investigations. Among these, the 

I principal were Ritchie, Robinson, Miiller, Dub, Von 
Koike, and Pu Moncel ; bnt their work was little known 
beyond the pages of the scientific journals wherein their 
tesults were described. Some of these resnlts will be 
examined in my later lectures, but thoy cannot be dis- 
fcuHBod in this historical resume, which is accordingly 
cac - 
mi 
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Ma/eridh. — In any complete treatise on tho electro- 
magnet it would be needful to enumerate and to discoBB 
in detail the several constructive features of tho ap- 
paratus. Three classes of material enter into its- con- 
Btniction: first, the iron which constitutes the material 
of the maguetic circuit, iucluding the armature as well 
afi the cores on which the coils arc wound, and the yoke 
which i 
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rents, and which ia iianally in the form of wirti; tliinlly, 
the insulating material employed to prevent the eopper , 
' coCs from coming into contact with one another, or ' 
with the iron core. There is a further suhjecfc for dis- 
onssion in the bobbins, formers, or fnimea upon which 
the coils are in so many casea wonnd, and which may in 
some cases he marie in motiil, but often are not. The 
engineering of tlie electromiignct might well furnish 
matter for a special chapter. 

TYPICAL FORMS. 

It is difficult to devise a satisfactory or pxhanstive 
classification of the varied forms which the electromiig- 
net has assumed, but it is at least possible to enumerate 
some of the typical forma. 

1. Bar EUctromaij'itei.—'Vhis consists of a single 
straight core {whether solid, tnbnlar, or lamiuatod), sur- 
rounded by a coil. Fig. 3 depicted Sturgeon's earliest 
example. 

2. Borseshof Merirofflfffl'Wfi/,— There are two sub-types 
included in this name. The original electromagnet of 
Sturgeon {Fig. 1) really resembled a horaeshoe in form, 
being constructed of a single piece of ronnd wrought 
iron, about half an inch in diameter and nearly a 
foot long, bent into an arch. In recent years the other 
Bub-type has prevailed, consisting, as shown in Fig. 11, 
of two separate iron cores, usually cut from a circular 
rod, fixed into a thinl piece of wrought iron, the yoke. 
Occasionally this form is modified by the uae of one coil 
only, the aecond co-e being left uncovered. This form 
bw received in France the tiumo of aiiiiani l/oiteux. Its 
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merit r> will \h' considered later. Sometimee a single coil 
id wuuiid ujiitu tho yoke, the two limbs being uacovered. 




Twci-l'llI.B KuiBTIU>ir*ONrT, 

3. Jron-rliiil t'lfi'lri'iiiinjiii-l. — 'I'liis form, vhich baa 
mmiy times been n-iiivi'iitt'd, differs from the simple 

^ bir imifrin't ill hiiviiigan iron shell 

or <'iisiii<r f.xtcrnal to the coils and 
attctdii'd to tile cure at one eai. 
Such a inugtiot jiresents, as de- 
picted ill Fij;. 12, it central pole it 
one end stu'i'uuiided bv an enter 
annular pole of the op]ii>sit© polu^ 
itv. Tlie niiproiiriiite Hrniitturefor 
electromagnets of this type iy ft or 
i.ular disc or lid of iron. 

rio U -IHo^ Cl^d EiJ;c 4. Ci-U-tllKl-Pliniyi: — \ d»- 

TROMiONKT. tiiched ii'on core is attracted I into 

a hollow coil, or solenoid, of copper wire, when aV«p 
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arent of electricity flows round the latter. Tins is a, 
special form, and will receive extended consideration. 
' S. Special Fonns. — BesidoB the leading forms enumer- 
ated above, there are a number of Bpecial types, muUi- 
3)olar, spiral, and others designed for particular pnr- 
■poses. There is also a gronp of forme intormodiate 
, "between the ordinary electromagnet and the coil-and- 
jlunger form. 

POLARITY. 

liliar fact that the polarity of an electro- 
tpenda upon the sense in which the current 
around it. Varioua rules for remembering 



It is a fi 
3nagnet dt 
38 flowing 




"the relation of the electric flow and the magnetic force 
lave been given. One of them tliat is useful is that 
^'hen one is looking at the north pole of an eloctromag- 
3)et, the current will be flowing around that polo in the 
(Sense opposite to that iu whii^h the hands o£ a clock are 
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sei'ii to revolve. Another useful rule, suggested by Max- 
well, is illustniteil by Fig. l.*J, namely, that the sense of 
tb<» eiroulation of the eurrent (whether right or left 
banded) and the ]K»8itive direction of the resulting mag- 
nt'lic force are related together in the same way as the 
rotation and the tmvel of a right-handed screw are as- 
sociated together. Hight-handed rotation of the screw 
is associated with forward tnivel. Right-handed circu- 
lation of a current is associated with a magnetic force 
tending to 2»roduce north polarity at the forward end 
of tiie core. 

rSKS IX GENERAL. 

As a piece of mechanism an electromagnet may be 
regarded as an apparatus for producing a mechanical 
action at a place distant from tlie operator who controls 
it, the means of communication from the operator to 
the distant point where the electromagnet is being the 
electric wire. The uses of electromagnets may, how- 
ever, be divided into two main divisions. For certain 
purposes an electromagnet is required merely for ob- 
taining temporary adhesion or lifting power. It at- 
taches itself to an armature and cannot be detached bo 
long as the exciting current is maintained, except by 
the application of a superior opposing pull. The foioe 
which an electromagnet thus exerts u})on an armatare 
of iron, with which it is in direct contact, is always oon- 
siderably greater than the force with which it can .wt 
on an armature at some distance away, and the itvQ 
oases must be carefully distinguished. Traction oj 

ftrmatur^ in Qontagt »nd aUmQtion of an armature 
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^distance are two different functions. So different, in- 
<ieed, that it is no exaggeration to say that an electro- 
^nagnet designed for the one purpose is unfitted for the 
other. The question of designing electromagnets for 
either of these purposes will occupy a large part of 
"these lectures. The action which an electromagnet ex- 
ercises on an armature in its neighborhood may be of 
several kinds. If the armature is of soft iron, placed 
nearly parallel to the polar surfaces, the action is one 
simply of attraction, producing a motion of pure trans- 
lation, irrespective of the polarity of the magnet. If 
"the armature lies oblique to the lines of the poles there 
will be a tendency to turn it round, as well as to attract 
it ; but, again, if the armature is of soft iron the action 
will be independent of the polarity of the magnet, that 
is to say, independent of the direction of the exciting- 
current. If, however, the armature be itself a magnet 
of steel permanently magnetized, then the direction in 
which it tends to turn, and the amount, or even the 
sign of th« force with which it is attracted, will depend 
on the polarity of the electromagnet ; that is to say, will 
depend on the direction in which the exciting current 
circulates. Hence there arises a difference between the 
operation of a non-polarized and that of a polarized ap- 
paratus, the latter term being applied to those forms in 
which there is employed a portion — say an armature — 
to which an initial fixed magnetization has been im- 
parted. Non-polarized apparatus is in all cases inde- 
pendent of the direction of the current. Another class 
of uses served by electromagnets is the production of 
rapid vibrations. These are employed in the mechan- 
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ism of olo<!trie trembling bells, in the automatic breaks 
of induction coils, in electric4illy driven tuning-forks 
such as are employed for chronographic purposes^ and 
in the inrttrumcnts used in harmonic telegraphy. Spe- 
cial constructions of electromagnets are appropriate to 
spc(?ial j)urposcs such as these. The adaptation of elec- 
tromagnets for tlie special end of responding to rapidly 
alternating currents is a closely kindred matter. Lastly, 
there are certain apj»lications of the electromagnet, no- 
tably in tlie construction of some forms of arc lamp, for 
which it is specially sought to obtain an equal, or ap- 
l)roxiniately crjual, j)ull over a definite range of motion. 
This use necessitates special designs. 

THE PKOPEKTIES OF IRON. 

A kiiowlc(]<i:c of the magnetic properties of iron of 
dilTcrciit kinds is absolutely fundamental to the theory 
and design of electromagnets. No excuse is therefore 
necessary for tre^iting tliis matter with some fullness. 
In nil modern treatises on magnetism the usual terms 
are defined and explained. Magnetism, which vas 
formerly treated of as though it wore something distrib- 
uted over the end surfaces of magnets, is now known 
to be a phenomenon of internal structure; and the ap 
propriate mode of considering it is to treat the mag- 
netic materials, iron and the like, as being capable of 
acting as good conductors of the magnetic lines<; in 
other words, as possessing magnetic i)ermeahilitij. The 
precise notion now attached to this word is that fW \ 
numerical coefficient. Suppose a magnetic force — (T 
let us say, to the circulation of an electric current Am 
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STirrounding coil — were to act on a space occupied by 
air: there would result a certain number of magnetic 
lines in that space. In fact, the intensity of the mag- 
netic force, symbolized by the letter H, is often ex- 
pressed by saying that it would produce H magnetic 
lines per square centimetre in air. Now, owing to the 
superior magnetic power of iron, if the space subjected 
to this magnetic force were filled with iron instead of 
air, there would be produced a larger number of mag- 
netic lines per square centimetre. This larger number 
in the iron expresses the degree of magnetization in the 
iron; it is symbolized ^^ by the letter B. The ratio of 
B and H expresses the permeability of the material. 
The usual symbol for permeability is the Greek letter ji. 
So we may say that B is equal to // times H. For ex- 
ample, a certain specimen of iron when subjected to a 
magnetic force capable of creating, in air, 50 magnetic 
lines to the square centimetre, was found to be perme- 
ated by no fewer than 1G,062 magnetic lines per square 

** The following are the various ways of expressing the three quantities 
under consideration: 

B— The internal magnetization. 
The magnetic induction. 
The induction. 

The intensity of the induction. 
The permeation. 
The number of Unes per square centimetre in tlie material. 

H— The magnetizing force at a point. 
The magnetic force at a point. 
The intensity of the magnetic force. 
The number of lines per square centimetre that there would be in air. 

I*. — ^The magnetic permeability. 
The permeability. 

The specific conductivity for mag^netio lines. 
The magnetic multiplying power of the material. 
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centimetre. Dividing the hitter figure by the former 
gives as the vahie of tlie permeability at this stage of 
the magnetization '^21, or the permeability of the iron 
is 321 times that of air. The permeability of such non- 
magnetic materials as silk^ cotton, and other insulators, 
also of brass, copper, and all the non-magnetic metals, is 
taken as 1, being practically the same as that of the air. 
This mode of expressing the fact is, however, compli- 
cated by the fact of the tendency in all kinds of iron to 
magnetic saturation. In all kinds of iron the magneti- 
zability of the material becomes diminished as the actual 
magnetization is pushed further. In other words, when 
a piece of iron has been magnetized up to a certain 
degree it becomes, from that degree onward, less perme- 
able to further magnetization, and though actual satu- 
ration is never reached, there is a practical limit beyond 
which the magnetization cannot well be pushed. Joule 
was one of the first to establish this tendency toward 
magnetic saturation. Modern researclies have shown 
numerically how the permeability diminishes as the 
magnetization is pushed to higher stages. The practi- 
cal limit of the magnetization, B, in good wrought iron 
is about 20,000 magnetic lines to the square centimetre, 
or about 125,000 lines to the square inch; and in cast 
iron the practical saturation limit is nearly 12,000 lines 
per square centimetre, or about 70,000 lines per square 
inch. In designing electromagnets, before calculations 
can be made as to the size of a piece of iron required 
for the core of a magnet for any particular l)urpo8e,it 
is necessary to know the magnetic properties of tluit 
piece of iron; for it is obvious that if the iron be of Uh 
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ferior magnetic permeability, a liirger piece of it will be 
required in order to produce the Siime mugiietic effect 
as might be produced with a smaller piece of higher 
permeability. Or, again, the piece having inferior per- 
meability will require to have more copper wire wound 
on it; for in order to bring up its magnetization to the 

fred point, it must be subjected to higher magnetiz- 




iiig forces than would be necesaury if a piece of higher 
permeability had bocu selected. 

A convenient mode of studying the magnetic facta 
respecting any particular brand of iron is to plot on a 
diagram the curve of magnetization^i'. e., the curve in 
which the values, plotted horizontally, represent the 
magnetic force H, and the values plotted vertically those 
that correspond to the respective magnetization B. In 
Fi£. 14, which is modified from the researches of Prof. 
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Ewint;, are given five curves relating to soft iron, 
Imnleiied iron, annealed 8teel, hard drawn steel, and 
glasrt-liard steel. It will be noticed that all these curves 
have the same genenil form. For small values of H the 
values of B are sniall, and as H is increased B increases 
also. Further, the curve rises very suddenly, at least 
with all the softer sorts of iron, and then bends over and 
becomes nearly horizontal. When the magnetization 
is in the stage below the bend of the curve, the iron is 
said to be far from the state of saturation. But when 
the magnetization has been pushed beyond the bend of 
the curve, the iron is said to be in the stage approach- 
ing saturation; l)ecause at this stage of magnetization 
it re(juires a large increase in the magnetizing force to 
produce even a very small increase in the magnetization, 
it will be noted that for soft wrought iron the stage of 
approaching saturation sets in when B has attained tho 
value of about 10,000 lines i)er s(iuare centimetre, or 
when H h:is been raised to the value of about 50. As 
we shall see, it is not economit^al to push B beyond this 
limit; or, in other words, it docs not pay to use stronger 
magnetic forces than those of about H — 50. 

MKTIIODS OF MEASUIUXG PKKM KA BILITY. 

There are four sorts of experimental methoda of 
measuring permeability. 

1. Magnetovietric Metliodfi, — These are due to Muller, 
and consist in surrounding a bar of the iron in question 
by a magnetizing coil and observing the deflection its 
magnetization produces in a magnetometer. 

2. Balance Methods. — These methods are a variety of 
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the preceding, a compensating magnet being employed 
to balance the effect proiiimed by the magnetized iron 
on the magnetometric needle. Von Feilitzsch used this 
method, and it has received a more definite applica- 
tion in the mngiietic biilmice of Prof. Hughes. The 
aetiiiil halnnce is exhibited to-night upon the table,and 
1 hitve beside me a large number of observations made 
by students of the Finebury Technical College by its 
means upon sundry samples of iron and steel. None 
of these methods are, however, to be compared with 
those that follow. 

3. JnilucHve Methods. — There are several varieties of 
these, but all depend on the generation of a transient 
induction current in an exploring coil which surrounds 
the specimen of iron, the integral cnrrent being propor- 
tional to the number of magnetic lines introduced into, 
or withdrawn from, the circuit of the exploring coih 
Three varieties may be mentioned. 

{A) Ring Method. — hi this method, due to Kirch- 
hoff, the iron under examination is made up into a ring, 
which is wound with a primary or exciting coil and 
with a secondary or exploring coil. Determinations on 
this plan have been made by Stowletow, Rowland, Bosan- 
quet, and Ewing; also by Ilopkinson. Eowland's ar- 
rangement of the experiment is shown in Fig, 15 in 
which B is the exciting battery; A', the switch for turn- 
ing on or reversing the current ; B, an adjustable resist- 
ance; A, an ampt^remeter; and li G the hallistic galvii- 
nometer, the first swing of which measures the integral 
induced current, i? Cis an earth inductor or reversing 
coil wherewith to calibrate the readings of the 



ntcgral ^h 

versing ^^H 
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iiomotor; and above is an arrangement of a coil and a 
magnet to assist in bringing tlie swinging needle to rest 
between tlie observations. The exciting coil and the 
exploring coil are both wound upon the ring: the former 
is distinguished by being drawn with a thicker line. 
The usual mode of procedure is to begin with a feeble 
exciting current, which is suddenly reversed, and then 
reversed back. The current is then increased, reversed 




Fio. 15.- Kino Method of Meahukinq Pkrmeabiutt (RowLAND^i ARSAim- 

MENT). 



and re-reversed; and so on, until the strongest ayailable 
points are reached. The values of the magnetizing 
force H are calculated from the observed valne of the 
current by the following rule. If the strength of the 
current, as measured by the amperemeter, be t, the num- 
ber of spires of the exciting coil S and the length, in 
centimetres, of the coil (t. e., the mean circumferenoeol 
the ring) be /, then H is given by the formula: 



H 



4^ 
10" ^ 



Si 



Si 



J-- =z \.2o{)C) X -J 
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;, applying this method to ft number of iron 
rings, obtaiuerl some important results. 

In Fig. 1(5 are plotted out the values of H aud B for 
seven rings. Ono of thesn, nmrkeii ./, was of cast steel, 
and was examined both when soft and ufterward when 
hardened. Another, nnirked f, w;is of the best Lowmoor 
iron. Five were of Crown iron, of different sizes. They 
were marfeed for dietinotion with tlie letters G, E, F, H, 
K. In the accompanying tuble are set down the valuos 
of B at different stages of the magnutizatiou. 



Name. 


H. 


■ E. 


F. 


H. 


K. 














Bar IhickneBa. 


S,B3B 


l.KBB 


1.29a 






Magiialliing Foree. 
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I have the means here of illustrating the induction 
method of meaanring permeability. Here is an iron 
ring, having a cross -section of almost exactly one square 
centimetre. It is wound with an exciting coil supplied 
with current by two accumulator cells ; over it is also 
wound an exploring coil of 100 turns connected in cir- 
cuit (aa in Itowland's arrangement) with a ballistic gal- 
vanometer which reflects a spot of light upon yonder 
screen. In the circuit of the galviinonietBr is also in- 
cluded a reversing earth coil. As a mattsf of fact tiiia 
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ourtli (*oil is of 8iioh a size, and wound with so many 
convolutions of wire, that when it is turned over the 
amount of cutting of magnetic lines is equal to 840,000, 
or is tlio same as if 840,000 magnetic lines had been cut 
once. Hy adjusting the resistance of the galvanometer 
circuit, it is arranged that the first swing due to the 
induced current when I suddenly turn over the earth 
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Fig. If).— Bosanquet'h Data of Maonktio Properties of iBoar .axd 

Rings. 

coil is 8.4 scjile divisions. Then, seeing tliat our explor- 
ing coil has 100 turns, it follows that when in our sub- 
sequent experiment with the ring we get an indnced 
current from it, each division of the scale over which 
the spot swings will mean 1,000 lines in the iron. I 
turn on my exciting current. See: it swings about 11 
divisions. On breaking the circuit it swings nearly 11 
divisions the oth^r way. That means that the magiietuh 
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ing force carries the magnetization of tlie iron up to 
i.1,000 lines; or, aB the crosg-section is ubont one square 
centimetre, B = 11,000. Now, how iiuich is H ? The 
exciting coil has lyo windings, and the exciting current 
through the amperemeter is just one ampere. The 
total excitation is just 180 "ampfiro turns." We must, 
according to our rule given above, multiply thia by 
l.a.56ij and divide by the mean circumferential length of 
the coil, which is about 32 centimetres. This makes H 
= 1. So if B — 11,000 and H = 7, the permeabdity 
{which is the ratio of them) is about 1,570. It is a rough 
and hiisty experimeat, but it illustratea the method. 

Bosanquet's experiments settled the debated question 
■whether the outer layers of an iron core sliield the inner 
liiyers from the inflnenee of magnetizing forces. Were 
this the case, the rings made from thin bar iron should 
exhibit higher values of B than do the thicker rings. 
This is not so; for the thickest ring, G, shows through- - 
out the highest magnetizations. 

(B) Bar Mntliod. — Thia method consists in employing 
g, long bar of iron instead of a ring. It is covered from 
end to end with the exciting coil, but the exploring coil 
consists of but a few turns of wire situated' just over the 
middle pirtof thobar Konland, Bosanquet, and Ewirig 
have all employed this variety of method; and Ewing 
specially used biira the length of which was more than 
100 times their diameter, in order to get rid of errors 
arising from end effe(,ts 

(C) Duidid Bnr Mdhnd ~'Y\iis method, duo to Dr. 
Ilopkinson '* is illustrated bj Fig, 17, 



64 



UCCn KBfl OK TUB SUBCr&OMAaNET. 



The nppanttus coiiaists of a block uf uniieuleil wi 
iron aljoiit 18 inches long, tii wide, liinj 3 deep, out "i 
the middle of which is cut a rootangultir space to n 
ceivo the magnetising poilg. 

The test enmplea of iron consist of two rods. 
12. G5 niillimetrcB ia diameter, turned carefully Vm, 
which elide in through holes bon^d in the onda of the 
blocks. These two rods meet in the middle, their endi 



r<^ 




being faced true so as to make a good contact. Otie-gl ^J 
them is secured firmly, and the other has a handle I 
to it, by means of which it can be withdrawn. The.y 
large magnetizing coils do not meet, a space beiqc^ 
between them. Into this space ia introduced the^ 
exploring coil, wound upon an ivory bobbin, thjw 
the eye of which passes the end of the movable » 
The exploring coil is conneeted to the ballistic gain 
nometer, li G, and is attached to an india-ruhlier sp 
(not shown in the figure), which, when the rod is 
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denly pulled back, causes it to leap entirely out of the 
magnetic field. The exploring coil liad 350 turns of 
fine wire; the two magnetizing coils had 2,008 effective 
turns. The magnetizing current, generated by a bat- 
tery, B, of eight Grove cells, was regulated by a variable 
liquid resistance, R, and by a shunt resistance. A re- 
versing switch and an amperemeter. A, were included 
in the magnetizing circuit. By means of this apparatus 
the sample rods to be experimented upon could be sub- 
mitted to any magnetizing forces, small or large, and 
the actual magnetic condition could be examined at any 
time by breaking the circuit and simultaneously with- 
drawing the movable rod. This apparatus, therefore, 
permitted the observation separately of a series of in- 
creasing (or decreasing) magnetizations without any in- 
termediate reversals of the entire current. Thirty-five 
samples of various irons of known chemical composition 
were examined by Hopkinson, the two most important 
for present purposes being an annealed wrought iron 
and a gray cast iron, such as are used by Messrs. Mather 
and Piatt in the construction of dynamo machines. 
Hopkinson embodied his results in curves, from which 
it is possible to construct, for purposes of reference, 
numerical tables of sufficient accuracy to serve for future 
calculations. The curves of these two samples of iron 
are reproduced in Fig. 18, but with one simple modifica- 
tion. British engineers, who unfortunately are con- 
demned by local circumstancos to use inch measures 
instead of the international metric system, prefer to 
have the magnetic facts also stated in terms of square 
inch units instead. of square centimetre units. This 
5 
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Tabu; III, (Square Centimetre Unlw.i 
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It will be noted thut Hopkiuson's curves are double, 
there being one curye for the ascending mngnetizationa 
and £1 separate one, a little above the former, for de- 
BRending mHgnetizatious. This is a point of a little im- 
portance in designing electromagnets. Iron, and par- 
ticularly hiird sorts of iron, and steol, after having been 
subjected to a high degree of magnetizing force and 
I subsequently to a lesser magnetizing force, are found to 
~[Hn a higher degree of magnetization than if the lower 
^etizing force hml been simjdy applied. For esam- 
Bference to Fig. 18 shows that the wrought iron, 
^ere subjected to a magnetizing force gradually rising 
I Irom zero to H, ~ 200, exhibits a magnetization of B„ 
I ;= 95,000j but after H„ has been carried up to over 
■-1,000 and then reduced again to 200, B, does nut come 
^own agHiA to 95,000, but only to 98,000. Any sample 
I Thioh showed great retentive qualities, or in 
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which tlie desreiulin^ curve differs widely from the as- 
cending curve, would ])e unsuitiible for constructing 
ele<!tromtignet8, for it is important that there should be 
as little residual nmgnetism as possible in the cores. It 
will be noted that the curves for cast iron show more of 
this residual effect than do those for wrought iron. 
Tlje numerical data in Tables 11. and III. are means 
between tlie ascending and descending values. 

As an example of tlie use of the Tables we may take 
the following: How strong must the magnetizing force 
be in order to produce in wrought iron a magnetization 
of 110,000 lines to the scpiare inch ? Reference to Table 
II. or to Fig. 18 shows that a magnetizing field of 664 
will be required, and that at this stage of the magneti- 
zation the permeability of the iron is only 106. As there 
are 6.45 scpiare centimetres to the square inch, 110,000 
lines to the square inch corresponds very nearly to 17,- 
000 lines to the square centimetre, and H^ = 664 cor- 
responds very nearly to H = 100. 

TUACTIOX METHODS. 

Another group of the methods of measuring permea- 
bility is based upon the law of magnetic traction. Of 
tliese there are several varieties. 

(IJ) Divided Ring Method. — Mr. Shelford Bidwell has 
kindly lent me the aj^paratiis with which he carried out 
this method. It consists of a ring of very soft charcoal 
iron rod 6.4 millimetres in thickness, the external diam- 
eter being eight centimetres, sawn into two half rings, 
and then each half carefully wound over with an ex- 
citing coil of insulated copper wire of 1,0:^^9 convolutions 
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in total. The two halves fit neatly together; and in 
this position it constitutes practically a continuous ring. 
When an exciting current is passed round the coils both 
halves become magnetized and attract one another. The 
force required to pull them asunder is then measured. 
According to the law of traction, which will occupy us 
in the second lecture, the tractive force (over a given 
area of contact) is proportional to the square of the 
number of magnetic lines that pass from one surface to 
the other through the contact joint. Hence the force 
of traction may be used to determine B; and on calcu- 
lating H as before we can determine the permeability. 
The following Table IV. gives a summary of Mr. Bid- 
welFs results : 

Table IV. (Square Centimetre Measure.) Soft Charcoal Iron. 



B 


fJ' 


H 


7,390 


1899.1 


3.9 


11,550 


1121.4 


10.3 


15,460 


886.4 


40 


17,330 


150.7 


115 


18,470 


88.8 


208 


19,330 


45.3 


427 


19,820 


33.9 


585 



{E) Divided Bod Method, — In this method, also used 
by Mr. Bid well, an iron rod hooked at both ends was 
divided across the middle, and placed within a vertical 
surrounding magnetizing coil. One hook was hung up 
to an overhead support; to the lower hook was hung a 
scale pan. Currents of gradually increasing strength 
were sent around the magnetizing coil from a battery 
of cells, and note was taken of the greatest weight which 
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could in cacli <*ase bo pla<H*(] in tlie scale pan without 
tcarin*; a^uiidor tlio ends of the rods. 

(F) Pt'nnntnu'fi'r MethotL — This is a method which I 
have myself (h'vised for the purpose of testing speci- 
mens of iron. It is essentially a workshop method, as 
distinpiished from a lahonitory method. It requires no 
Inllistii' iralvanometer, and the iron does not need to be 
for<red into a ring or wound with a coil. For carrying it 

out a simple instrument is needed, 

wbieb I venture to denominate as 

a jwrmeameter. Outwardly, it has 

a general resemblance to Dr. Hop- 

kinson's apparatus, and consists,as 

you see (Fig. 19), of a rectangular 

])ieoe of soft wrought iron, slotted 

out to receive a magnetizing coih 

down tlie axis of which passes a 

brass tube. The block is 12 inches 

long, i\\ inches wide, and 3 inches 

in tbi(!kness. At one end the block 

is bored to receive the sample of 

iron that is to be tested. This consists simply of a 

tliin rod about a foot long, one end of which must be 

carefully surfaced u]). When it is placed inside the 

magnetizing coil and the ex(;iting current is turned on, 

the rod sticks tightly at its lower end to the snrface 

of the iron block; and the force required to detach it 

(or, rather, the square root of that force) is a measure of 

meation of the magnetic lines through its end 

n the first permeameter which T constructed the 

izing coil is 13.04 centimetres in length and has 
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371 turns of wire. One ampere of exciting current 
consequently produces a magnetizing force of H = 34. 
The wire is thick enough to carry 30 amperes, so that 
it is easy to reach a magnetizing force of 1,000. The 
current I now turn on is 25 amperes. The two rods 
here are of •'^charcoal iron'^ and "best iron'^ respect- 
ively; they are of quarter-inch square stuff. Here is a 
spring balance graduated carefully, and provided with 
an automatic catch so that its index stops at the highest 
reading. The tractive force of the charcoal iron is 
about 12^ pounds, while that of the " best " iron is only 
7| pounds. B is about 19,000 in the charcoal iron, and 
H being 850, /x is about 22.3. The law of traction which 
I use in calculating B will occupy us much in the next 
lecture; but meantime I content myself in stating it 
here for use with the permeameter. The formula for 
calculating B when the core is thus detached by a pull 
of P pounds, the area of contact being A square inches, 
is as follows : 

B = 1,317 XV7>~^3l + H. 

I may add that the instrument, in its final form, was 
manufactured from my designs by Messrs. Nalder Bros., 
the well-known makers of so many electrical instru- 
ments. 

CURVES OF MAGNETIZATION AND PERMEABILITY. 

In reviewing the results obtained, it will be noted that 
the curves of magnetization all possess the same general 
features, all tending toward a practical maximum, which, 
however, is different for different materials. Joule ex- 
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pivsscM] the opinion that "no force of current conld giye 
an attnutinii iMjual to '^00 pounds per square inch," the 
^^rratrnt he actually attained Wing only 175 jK)unds per 
Hqiiarc inrli. Rowland was of opinion that the limit 
was about 17 7 i)oundrt per square inch for an ordinary 
j^ood quality of iron, even with infinitely great exciting 
power. This would ef)rre8pond roughly to a limiting 
value of B of about 17,5<>0 lines to the square centime- 
tre. This value has, however, been often surpassed. 
Hid well obtained l!»,H-^0, or possibly a trifle more, as in 
Hid well's calculation the value of H bus been needlesslv 
discounted, llopkinson gives 18,250 for wrought iron 
and 1(»,H4() for mild Whitworth steel. Kapp gives 16,- 
740 for wrought iron, 20,400 for charcoal iron in sheet, 
and :i:i,'2M) for chan^oal iron in wire. Bosanqnet found 
the hi^diost value in the middle bit of a long bar to run 
up in one spe<'imen to 21,428, in another to 29,388, in a 
third to 27,0SS. Kwing, working with extraordinary 
ma^Mietic power, forced up the value of B in Lowmoor 
iron to .'U,r)f;o (when /i came down to 3), and subse- 
(jut^ntly to 4r),;5r)0. This last figure corresponds to a 
tnKttion exceeding 1,000 pounds to the square inch. 

Cast iron falls far below these figures. Hopkinson, 
using a magnetizing force of 240, found the values of B 
to be 10,783 in gray cast iron, 12,408 in malleable cast 
in>n, and 10,540 in mottled east iron. E wing, with a 
magnetizing force nearly 50 times as great, forced up 
the value of B in cast iron to 31,700. Mitis metal, which 
is a sort of cast wrought iron, being a wrought iron ren- 
dered fluid by addition of a small percentage of alumin- 
ium, is, as I have found, more magnetizable than cast 
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iron, and not far inferior to wrought iron. It should 
form an excellent material for the cores of clectromag- 
netB for many purpoaea where a cheap manufacture ia 
■wanted. 

A very naeful alternative mode of studying the resultB 
obtained by experiment is to construct curves, such as 
those of Fig. ao, in which the values of the permeability 
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Fia. 20.— CUUVES OF PCKHEADILITY. 

are plotted out vertically in correspondence with the 
values of B plotted horizontally. It will be noticed that 
in the case of Ilopkinson'a specimen of annealed wrought 
iron, between the points where B = T,000 and B = 
16,000 the mean values of it lie almost on a straight 
line, and might be approximately calculated from the 
equation : 

'L = (17,000-6) -^ 3.5. 



THG LAW OF THE ELECTKOMAONET. 

SCany attempts have been made, by Miiller, Lament, 

BVOIich, and others to discover a Bim])le algebraic for- 

'ft whereby to eipresa the relation between the mag- 
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lU'tiziiiir fnrcc miuI {\w inn;;m*tism prnilnriMl in the elec- 
troin.iiriu't. Ai'cnnliiiir {n M\\\\v\\ llit'se are related to 
out* another in tin* same ])roj)()rti<)ii8 as the natural 
taiiL^ciit is related to llie arc which it subtends. The 
fcninula' of Lainniit and Frolicli, which are more nearly 
in kft'})ini^ with tlie facts, are based upon the assump- 
tion of a rchition between the permeability and the de- 
irrt'e of mairnetization present. Suppose we assume the 
ap])roxiniati(iii stated above, that the permeability is 
})roportional in the ditferenoe between B and some 
liiirher liniitinir VMliie (17,000 for wrought iron, 7,000 for 
cast iron). If this hi;j:her value is called /? we may write 

,^-B 

where <t is a constant that varies with the quality of the 
iron or steel. 
Xow 

B = / H; 

iriviiio" bv sul)stitulion and an easv transformation 

, H 



B 



'' a + W 



which is one form of Fr(")lich's well-known formula. The 
constant, ^/, stands for the ''diacritical'' value of the 
magnetizing force, or that value which will bring up B 
to half the assumed limitinir or ''satural " value. 

All such formula*, however convenient, are insuffi- 
cient, inasmuch as they fail to take into account the 
properties of the entire magnetic circuit. 
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hysteuksis. 

I have already drawn attention to tlie difference be- 
tween the ascending and descending curves of magneti- 
zation, and may now point out that this is a part of a 
set of general phenomena of residual effects. The best 
known of these effects is, of course, the existence in 
some kinds of iron, and notably in steel, of a remanent 
or sub-permanent magnetization after the magnetizing 

B LINES 
8Q.IN. 

100.000 - 




Fio. 21. Curves op TTysieresis. 

force has been entirely removed. To this retardation 
of effects behind the causes that produce tliem the name 
of "hysteresis" has been given by Prof. Ewiug. If 
a piece of iron is subjected to a magnetizing force which 
increases to a maximum, then is decreased down to zero, 
then reversed and carried to a negative maximum, then 
decreased again to zero, and so carried round an entire 
cycle of magnetic operations, it is observed that the 
curves of magnetization form a closed area similar in 
general to those shown in Fig. 21. This closed area 
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n*}»n'srnts tlic work whirl) has lK»on wasted or dissipated 
ill sulijrctiii^' the iron to those alternate magnetizing 
foHM's. In vcrv soft iron, where the ascending and dc- 
srrn«lin^ curvt'rt are dose together, the inclosed area is 
small, and as a matter of fact very little energy is dis- 
sipattMl in a rsAc of magnetic operations. On the other 
hami, with liard iron, and particuLirly with steel, there 
is a groat width hot ween the curves and there is a great 
waste of (lurgy. Hysteresis may be regarded as a sort 
of internal or molecular magnetic friction, by reason of 
which altornato jnagnetizations cause the iron to grow 
liot. Ilt'nco the im]»ortance of understanding this curi- 
ous oiTtM-t, in viow of the construction of electromagnets 
that aro to ]>o usod with rapidly alternating currents. 
The followin<: li<ruros of Table V. give the number of 
watts (ono watt — * j ,. of a horse power) wasted by hys- 
torosis in woll-laminatod soft WTOUght iron when sub- 
jected to a succossion of rapid cycles of magnetization. 

Tahi.e v.— Waste of Power by JIyrtkresir. 
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It will be noted that the waste of energy increases aa 
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the magnetization is pushed higher and higher in a 
disproportionate degree, the waste when B is 18,000 
being six times that when B is 6,000. In the case 
of hard iron or of steel the heat waste would be far 
greater. 

Another kind of after-effect was discovered by Ewing, 
and named by him '^ viscous hysteresis/' This is the 
name given to the gradual creeping up of the magneti- 
zation when a magnetic force is applied with absolute 
steadiness to a piece of iron. This gradual creeping up 
may go on for half an hour or more, and amount to 
several per cent, of the total magnetization. 

Another important matter is that all such actions as 
hammering, rolling, twisting, and the like, impair the 
magnetic quality of annealed soft iron. Annealed 
wrought iron which has never been touched by a tool 
shows hardly any trace of residual magnetization, even 
after the application of magnetic forces. But the touch 
of the file will at once spoil it. Sturgeon pointed out 
the great importance of this point. In the specification 
for tenders for instruments for the British Postal Tele- 
graphs, it is laid down as a condition to be observed by 
the constructor that the cores must not be filed after 
being annealed. The continual hammering of the arma- 
ture of an electromagnet against the poles may in time 
produce a similar effect. 

FALLACIES AND FACTS ABOUT ELECTROMAGNETS. 

I will conclude this lecture by stating a few of the 
fallacies that are current about electromagnets, and will 
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add to them a few facts, some of which seem paradoxi- 
cal. The refutation of tlie falhicies and the explanation 
of the facts will come in due course. 

Fnlhtrics. — The attraction of an electromagnet for its 
armature varies iuvcrsely as the square of its distance 
from the poles. 

The outer windings of an electromagnet are neces- 
sarily less ctTcctive than those that are close to the iron. 

Hollow iron cores are as good as solid cores of the 
same size. 

Pole ])i(C(*s iichl to the lifting power of an electro- 
inairuct. 

It hurts Jill elect roinagnot (or, for that matter, a steel 
maoiiet) to pull olT the k(M»per suddenly. [It is the sud- 
den slaniniin<r on that iu reality hurts it.] 

The resistance of the coil of an electromagnet ought 
to he ecpial to the resistance of the battery. 

A coil wound h'ft-handedly magnetizes a magnet dif- 
ferently from a coil wound right-handedly. [It is not a 
question of winding of coil, l)ut of circulation of current.] 

Tliick wire electromagnets are less powerful than 
thin wire electromai^rncts. 

A badly insuLited electromagnet is more powerful 
than one that is well insulated. 

A square iron core is less ])owerful (as Dal Negro says, 
eighteen-fold!) than a round core of equal weight. 

The attraction of an electromagnet for its keeper is 
necessarily less strong (one-third according to Dii Mon- 
cel) sidewise than when the keeper is in front of the 
poles. 

Putting a tube of iron outside the coils of an electro- 



LECTURES ON THE ELECTROMAGNET. 79 

magnet makes it attrt'ict a distant armature more pow- 
erfully. 

Facts. — A bar electromagnet witli a convex pole holds 
ou tighter to a flat-ended armature than one with a flat 
pole does. 

A thin round disc of iron laid upon the flat round 
end of an electromagnet (the pole end being slightly 
larger than the disc), the disc is not attracted, and will 
not stick on, even if laid down quite centrally. 

If a flat armature of iron be i)resented to the poles 
of a horseshoe electromagnet the attraction at a short 
distance is greater, if tlie armature is ])resented flank- 
wise, than if it is presented edgewise. On the contrary, 
the tractive force in contact is greater edgewise than 
flankwise. 

Electromagnets w^ith long limbs nre practically no 
better than those with short limbs for sticking on to 
masses of iron. 
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LECTURE II. 

(IKXKHAI. I'lUSlU-LM OF DESIHN AND COXSTRrcTlHJ 
— fKIKL-ll'LK OF THE (AGKETIC CIRCUIT. 

T«-NiiiHT Wfl hn\-(! todisciiBB the law of the magneli 
I'inniil ill ita ajiplicHtion to the elpctromagriet, auJ ii 
[inrlii'iilur lo liwi'U njKm Bume esperinientul refiulu 
wliii'li huvy hwii obtaiiied from tiino to time bydiffff 
I'll! iiiilhiiritiM HH to the relation between the conBtw- 
liiili of tlio variititH jiiirls of mi electromagnet ami rli' 
I'lTei't (if Unit cotiKtTUftion on its performaiiee, ^^'v Law 
l<i ilim) tint only with the size, section, length, and 
li-rinl iif tlio iron rores, and of the urmatures of iron, 
l>iil. We luini 111 I'diiNJiiiT iiisii the winding of the coppW 
i'<iil iiihl iiH ruriii; mill wn liuve to speak in partienlii 
iihxiil. Ilii' wiiy ill which llii' slijipiiig of tlie core and of 
llx' iinniinii'e uITwIh the jitirfornmnfe of the electronu^ 
iirl ill iii-tiiin im its iii'nmturp, whether in contact or«l 
II iliHimii'o. Hut hotore we enter on the hist more diS- 
cult piirt of the siihjort, we will deal solely and 
•lively with the Inw of force of the magnet upon itt 
ui'iiMitiirc when the two are in contact with oneanotMj 
ill other woi'iIn, with the law of traction. 

I iiIIimUmI ill a historiciil manner in my fij.^t 
lo Mic |iriiicipki of the magnetic circuit t^-tli||„ „ 
" ' ''iJi iiud Kraduully grown up, ■ '(n: 
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jBlflerution of tlie fucts. The law of tbt> iiiugnotic cir- 
was, however, first thrown into shitpe in 1873 by 
ipTofesBor Rowliiiid, of Baltimore. He pointed oat that 
if you consider any simple case, mid find, as electriciauB 
'fio for the flectrii; circuit, an espreaaion for the mag- 
netizing force which tends to drive the magnetiain round 
the circuit, and divide that by the resistance to raagneti- 
xation reckoned idso all round the circuit, the quotient 
st those two gives you the total amount of flow or flux 
,p£ magnetism. TImt is to eay, one may calculate the 
imsntity of magnetism that passes iu that way round 
Ihe magnetic circuit in exactly the eame way as one 
joalcnlates the strength of the electric current by the law 
vt Ohm. Rowland, indeed, went a great deal further 
than this, for ha applied this very calculation to the ex- 
periments made by Joule more than 30 years before, and 
from those experiments deduced the degree of magnet- 
ization to which Joule had driven the iron of his mag- 
jiets, and by inference obtained the amount of current 
that he had been causing to circulate. Now, thia law 
requires to he written out iu a form that can be used 
ior future calculation. To put it in words without any 
symbols, we must first reckon out from the number of 
turns of wire in the coil, and the number of amp&res 
of current which circulates in them, the whole vtagnei(t- 
■moHve furce—t\ie whole of that which tends to drive 
magnetism along the piece of iron— for it is, in fact, 
jiroportional to the strength of the current and the 
xinmber of times it circulates. Next we must ascertain 
the resistance which the miigoetic circuit offers to the 
i^ge of the magnetic lines. I here avowedly use 
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Joule's own exprcsMion* which wtis afterward adopW 
bj Itowlani), luid, fur ehurt, so lis to nvoid having fonr 
worda, we may Blmply cttl) it the magnetic rrnintanet. 
Sir. lloaviside hae eiiggt^ti'd as an advisuble altematire 
tenn niugiiL'liu reiurfaiu^, in order that we may not eos- 
fiise the reaietance to magnetiBm in the mftgnetic cir- 
cuit with the resistance to the flow of current in sa 
electric circuit. However, we need not quarrel abont 
torms ; magnetic reluctance is sufficiently expreBSive. 
Then having fonnd these two, the quotient of them 
gives us a number repreeenting— I ninst not call it tbe 
strength of the miignetic current— I will call it edinplf 
the quantity or number of magtietio lines which floT 
round the circuit ; or if wo could adopt a term vfalvk 
is used on the continent, we might call it Bimp\j tit 
mnijHrlic fiux, the flux of magnetism being the analogue 
of the flow of eleetricity in the electric law. Tho law 
of the niHgnetic circuit may then be stated as follows: 



Magnetic fl 



magneto-motive force 
rolaetance. 



However, it is more convenient to deo. with these 
matters in symbols, and tlierefore the symbols which I 
lUse, aud have long beeu using, ouglit to be explained to 
<yoK. i^or the number of spirals in xi winding I use the 
detter S; for the strength of current, or number of 
amperes, the letter i / for the lengl.h of bar, or core, I 
.am going to use the letter / ; for the urea of crews' 
section, the letter -J ; for the permeability of the iron 
which we discussed in the last lecture, the Greek aym- 
bol iu; aud for the total magnetic flux, the number of 
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magnetic linee, I use the letter N- Then our law be- 
comoe as follows : 



47r , ,S'( 



Miigiieto-motive force 

Magnetic rt'liietancu 2' ; 

A;' 

t 
Magnetic, flux N ^ — 



If we tiike the miniber of spirals and multiply by the 
number of jiiiiperes of current, so as to get the whole 
amount of circulation of electric current expressed in so 
many amptVe turiiB, and multiply by 4;:, and divide by 
10, in order to get the proper unit (that is to say, mul- 
tiply it by 1,2S7), that gives ub the magneto-motive 
force. For magnetic reluctance, ciilculate out the reluc- 
tance exactly as you would the resistance of an electric 
conductor to the flow of electricity, or the resistance of 
a conductor of heat to the flow of heat; it will be pro- 
portional to the length, inversely proportional to the 
croas-section, and invereely proportional to the conduc- 
tivity, or, in the present case, to the magnetic permea- 
bility. Now if the circuit is a simple one, we may sim- 
ply write down here the length, and divide it by the 
area of the croae-section and the permeability, and so 
find the value of the reluctanee. But if the circuit he 
not a simple one, if you have not a simple ring of iron 
pf eqnal secHou all round, it is necessary to consider 
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the circuit in j)ieces as you would an electric circuit, 
Hscertiiiniiif]f sepanitely tlio reluctance of the separate 
parts, and adding all together. As there may be a num- 
hor of such terms to be added together, I have prefixed 
the expression for tlie magnetic reluctance by the sign 
1* of summation. I^ut it does not by any means follow, 
because we can write a thing down as simply as that, 
that tlie calculation of it will be a very simple mat- 
ter. In the case of magnetic lines we are quite unable 
to do as one does with electric currents, to insulate the 
How. An electric current can be confined (provided we 
do not })ut it in at 10,000 volts pressure, or anything 
much bigger than that) to a copper conductor by an 
adequate layer of adequately strong — ^and I use the 
word *' strong" both in a mechanical and electrical sense 
— of ade(juately strong insulating material. There are 
materials whose conductivity for electricity as compared 
with copper may be regarded perhaps as millions of 
millions of millions of times less; that is to say, they 
are practically perfect insulators. There are no such 
things for magnetism. The most highly insulating sub- 
stance we know of for magnetism is certainly not 10,000 
times less permeable to magnetism than the most highly 
magnetizable substance we know of, namely, iron in its 
best condition; and when one deals with electromag- 
nets where curved portions of iron are surrounded with 
copper, or with air, or other electrically insulating ma- 
terial, one is dealing with substances whose permeability, 
instead of being infinitely small compared with that of 
iron, is quite considerable. We have to deal mainly 
'^ith iron when it has been well magnetized. Its per- 
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HRtliility compiirefl with air is then from 1,000 to 100 
Toiighly; that is to say, the pprmeability of air compared 
with the iron is not k-ss thitu from ^^th to n^nth part. 
That meaDB that it is quite possible to hiive a very con- 
aidenible leakage of magnetic lines from iron into «ir 
occurring to complicate one's caicutations and prevent 
an accuDite estimate being mnde of the true magnetic 
reluctance of any part of the circnit. Suppose, how- 
ever, that ve hiivo got over all these difficultiea and 
made Our calcnlations of the mugnetic reluctanee; then 
■dividing the magiieto-motive forne by the reluctance 
-gives UB the whole number o£ miiguetic lines. 

There, then, is in its elementary form the law of the 
magnetic circuit stated exactly its Ohm's law is stated 
for electric circnits. Rot, as a general rule, one requires 
this magnetic hiw for certiiin applications, in which the 
problem is not to calculate from those two quantities 
what the total of magnetic lines will be. In most of 
the cases a rule is wanted for the purpose of calculating 
back. You want to know how to buihl a magnet so as 
to give you the requisite number of magnetic lines. 
Yon start by assuming that yon need to have so many 
magnetic lines, and you require to know what magnetic 
reluctance there will bo, and how much magneto-motive 
force will be needed. Well, that is ii rtatter precisely 
analogous to those which every electrician comes across. 
He does not always want to use Ohm's law in the way 
in which it is commonly stated, to calculate the current 
from the electromotive force and the resistance; he 
often wants to calculate what is tiie electromotive force 
wliioh will send a given current through a known resist- 
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anc(». And so <1<) wo. Our main considemtion to-night 
will 1)0 (lovotod to tho question how many ampere turns 
of <'iirroiit oirculation must be provided in order to drive 
tho roquired quantity of magnetism through any given 
magnotio roluctanco. Therefore, we will state our law 
a littlo difforently. What we want to calculate out is 
tho nunibor of ampore turns required. When once we 
have got that, it is easy to say what the copper wire 
must consist of, what sort of wire, and how much of it. 
Turning thon to our algebraic rule, we must transform 
it, so as to got all the other things besides the ampere 
turns to tho other side of the equation. So we write 
tho formula: 



Si = 



N.--? 



A fJL 



1.257 



We shall have then the ampore turns equal to the 
number of magnetic lines we are going to force round 
the circuit multiplied by the sum of the magnetic re- 
luctances divided by 1.257. Now this number^ 1.257, is 
the constant that comes in when the length I is ex- 
pressed in centimetres, the area in square centimetres, 
and the permeability in the usual numbers. Many per- 
sons unfortunately — I say so advisedly because of the 
waste of brain labor that they have been compelled to 
go through — prefer to work in inches and pounds and 
feet. They have, in fact, had to learn tables instead of 
acquiring them naturally without any learning. If the 
lengths be specified in inches and areas in square inches, 
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1 the constant is a little liiffprt'nt. The constant in , 
I, for inch and square inch nie;isures, is 0.3132, 
he formula becomes : 



= N xi 



ylV 



- X 0.3133. 



fere it is conyenient to leave the law of the magnetic 
P^rcuit,and come back to it from time to time as wo 
require. What I want to point out before I go to any 
of the applications is, that with fho guidance provided 
by this law, one iifter another the variona points that 
come under review can be arranged and explained, and ' 
that there does not now remain — if one applies this law 
■with judgment — a simple fact about electromagnets 
which is either anomalous or paradoxical. Paradoxical 
some things may seem in form, but they all reduce to 
what is perfectly rational when one has a guiding prin- 
ciple of this kind to tell you how much magnetization 
you will get under given circum stances, or to tell you 
how much magnetizing power you require in order to 
get a given quantity of magnetization. I am using the 
word "magnetization" there in the popular sense, not 
in the narrow mathematic^il sense in which it has some- 
times been used (i. e., for the magnetic moment per unit 
cube of the material). I am using it simply to express 
the fact that the iron or air, or whatever it may be, has 
been subjected to the process which results in there 
being magnetic lines of force induced through it. 

Now let ua aoply this law of magnetic circuit in the 
first place to the traction, that is to say, the lifting 
power of electromagnets. The law of traction I as- 
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RU 1)10(1 in inv last looturc, for I made it the basis of a 
metliod of inoiwuriiig llie amount of permeability. The 
law of nia(^noti(*. tniction was stated once for all by Max- 
well, in his great treatise, and it is as follows: 

7> (dynes) =. ° ^^ 



8:r 

Where A is tlie area in square centimetres this be- 
comes 

/' (grammes) = g^ ^ ^^^ 



That is, the i)ull in grammes per square centimetre 
is e(|ual to the square of the magnetic induction^ B 
(being the number of magnetic lines to the square cen- 
timetre), divided by 8-, and divided also by 981. To 
l)ring grammes into pounds you divide by 453.6, so that 
the formula then becomes: 

P (pounds) = i!4 

^ ^ 11,183,000 ' 

or if square inch measures are used: 



7' (pounds) = -^--^/^ 






72,134,000 

To save future trouble we will now calculate out from 
the law of traction the following Table, in which the 
traction in grammes 2)er square centimetre or in pounds 
per square inch is set down opposite the corresponding 
value of B. 
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Table VI.— ll*ojrBHi*TiON and Maokptic TttAcnoN. 



B 


lltJ' 


Dyr« 




Kiioers. 


Founds 


llnwper 




per 






[>.T 


«i. cm. 


«j.in. 


Bq. 6endm. 


sq. eeutLn. 


Bq.c«'itiin. 


Bq.iBCt 


I,O0O 


«,«0 


IBTW 


40.56 


me 


577 


8,009 




ifioliuo 


lfla.3 






a'.wti 


3,000 


18.8S.) 


tis^ioo 


3C5.I 








4,009 


as.800 


m.m 










a,000 


SJ.SM 




l.lli i" 










38,700 


\.m.m 








ao.rs 


7^000 


«.ieo 


l,l»0,0OD 


liaw 






■X.M 


Km 


si.floo 




itBOS 






38. B5 


9.000 


58,060 


ai-Mslooo 


a,»i8 




















57.68 




7^950 










80.77 


i2;ooo 


■n'.Mi 


i,7So.m 


5,811 








1S.U00 


85.850 










97:47 




90,300 










113,1 


15.000 




Hitesiono 


943* 








16,000 


msoo 


lO.lTO.OWI- 


io,aw 








17,000 


ioB.a50 




11,780 




72 




18.000 












188,8 














908.1 


solooo 


128,000 


i&^iKoiooo 


isiaso 




as 





This simple statement of the luw of traction UBSumes 
that the distribution of the magnetic lines is uniform 
all over the area we are considering; and that unfor- 
tunately is not always the case. When the distribution 
is not oniform then the mean value of the squares be- 
comes greater than the square of the mean value, and 
conaequently the pull of the magnet at its end fiicc nmy, 
under oertain circumstances, become greater than the 
calculation would lead yon to expect — greater than the 
average of B would lead you to suppose. If the distri- 
bution is not uniform over the area of contact then the 
accurate expression for the tractive force (in dynes) will be 
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n Wing taken oyer tlie whole ami ul o» 



the integntt 
tact 

This litw of tmctiiin Ims been verified by experimfflt 

The most cODclueive tnvestigutiotis were made sbnil 

1880 liy Mr. R. H. M. Boaaiiquet, of Oxford, who»^ 

paratus is depicted in Fig. 23. He took twocorejrf 

iron, well faced, and rai' 

rounded them botii lij 

magnetizing coils, Is- 

tened the upper om 

rigiiJIy, and suepeudd 

the other one onalere 

with a counterpoia 

weight. To the lower 

end of this core he liun, 

a eoule-paDj and 

ured the traction of w 
upon the other whena 
Ituown current was cir- 
culating a known num- 
ber of times round tlie 
coil. At the same time 
Hi« iiAwii'TmcTios. he placed an eiploring 

coil round the joint, 
iImI ►•<|i|iirllij(p«il being connected, in the manner with 
., Iili'll «!' Wt'l't' I'xperimontinglast week, with a ballistic 
,, ;|,.H)j((IHIi|i>r, mi that at the moment when the two 
:;i^llii.sl \m\i»\ i'.miliftny,or at the moment when the 
. n.:illiii( WH« roliiiisGd by stopping the mug ' 
I lie |t<' I manometer in'' - ena1 
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through thiit exploring coil. So thut, knowing tlie 
area, jou could calculul.e the iiumbur per sqnare centi- i 
metre, and jou coulJ therefore compare B' with the 
pnll por square centimetre ohtoineii directly on the 
scale-pan, Bosanquet found that even when the sur- | 
faces were not absolutely perfectly faced the correspond- 
ence was very close indeed, not varying by more than 
one or two per cent, except with small magnetizing i 
forces, say forces less than five C, 0. S, units. 

When one knows how irregular the behavior of iron. 1 
is when the magnetizing forces are so small as this, ' 
one is not astonished to find a lack of proportionality. 
The correspondence was, iiowever, sufficiently exact to 
say that the experiments verified the law of traction, 
that the pull is proportional to the square of the mag- 
netic induction through the area integrated over that | 
area. 

Now the law of traction being in that way established, ' 
one at once begins to get eoroe light upon the subject | 
of the design of electromagnets. Indeed, without going ' 
into any mathematics, Joule had foreseen this when lie i 
in some instinctive sort of way seemed to consider th;it > 
the proper way to regard an electromagnet for the pui 
pose of traction was to think how many square inches J 
of contact surface it had. He found that he could mag- 
netize iron up until it pulled with a force of 176 pounds 
to the square inch, and he doubted whether a traction 
as greiit as 200 pounds per square inch could be obtained. 

In the following Table Joule's results (see Table I.) 
arc recalculated, and the "ilues of B deduced: 
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Tablk VII.— Joulk's Results Rb-galculated. 



Description of 
Electroma^et. 



Joule's own 
electro- 
magnets.. 

Nesbit's 

Heniy's 

Sturgeon's . 



fNo. 
J No. 
1 No. 
LNo. 



Section. 



S(i. in. 



10 

0.196 
0.0486 
0.0012 
4.5 
3.94 
0.196 



sq. cm. 



Load. 



lbs. I kilos. 






W.5 

1.26 

6.28 

0.0077 
29.1 
25.3 

1.26 



909.0 

49 

12 

0.202 
142.8 
750 

53 



947. 


104.6 


22 


125 


5.4 


187.5 


0.09 81 


647 


158.5 


ai6 


95 


22.6 


127.5 



* 


B 


St 




M 




7.35 


13,600 


8.75 


14,700 


9.75 


15,410 


5.7 


11,830 


11.2 


16,550 


6.7 


12,820 


8.95 


14,850 






139 

324 

1,286 

2,384 

28 

36 

114 



I will now return to the data in Table VI., and will 
ask you to compare the last column with the first. 
Here are various values of B, that is to say, the amounts 
of magnetization you get into the iron. You cannot 
conveniently crowd more than 20,000 magnetic lines 
through the square centimetre of the best iron, and, as 
a reference to the curves of magnetization shows, it is 
not expedient in the practical design of electromagnets 
to attempt, except in extraordinary cases, to crowd more 
than about 10,000 magnetic lines into the square centi- 
metre. The simple reason is this: that if you are work- 
ing up the magnetic force, say from up to 50, a mag- 
netizing force of 50 applied to good wrought iron will 
give you only 10,000 lines to the square centimetre, and 
the permeability by that time has fallen to about 320. 
If you try to force the magnetization any further, you 
find that you have to pay for it too heavily. If you want 
to force another 1,000 lines through the square centi- 
metre, to go from 10,000 to 17,000, you have to add on 
an enormous magnetizing force; you have to double the 
whole force from that point to get another 1,000 lines 
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added. Obviously it would be mudi better to take a. 
Ifti-ger piece of iron iiud not to magnetize it too highly 
— to take a piece a quarter as large ttgaiu, and to mng- 
netizB thut less foi-eibly. It does not therefore pay to 
go much above 16,000 linea to a equnre centimetre — 
that is to say, expressing it in terms of the law of trac- 
tion, and the pounds per square inch, it does not pay to 
design your electromagnet so that it shall Jiave to carry 
more than about 150 pounds to the square inch. TJiia 
shall be our practical rule: let us at once take an exam- 
ple. If you want to design an electromagnet to carry a 
load of one ton, divide the ton, of 2,240 pounds, hy 150, 
and that gives the requisite number of square inches of 
wrought iron, namely, 14.92, or say 15. Of course ono 
would work with a horseshoe shaped magnet, or aome- 
, thing equivalent — something with a return circuit^-and 
calculate out the requisite eroas-sectiou, so that the total 
area exposed might be sufBcient to carry tiie given loud 
at 150 pounds to the square inch. And, as a horsoBhoe 
magnet has two polos, the cross-section of the bar of 
which it is made must be 7-i square inches. If of round 
iron, it must he about 3^ inches in diameter; it of 
square iron, it must be 2f incht'S each way. 

That settles the size of the iron, but not the length. 
Now, the length of the iron, if one only considers the law 
of the magnetic circuit, ought to be as short as it can 
possibly be made. Keflect for what purpose we are de- 
signing. The design of an electromagnet is to be con- 
sidered, as every design ought to be, with a view to the 
ultimate purpose to be served by that which 
designing. The present purpose ia the actual sticking 
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rbn of the magnet to a heiiTV weight, not acting on a 
other magnet at a distance, not palling at an armature 
Beparateil from it by a thick layer of air; we are deal- 
ing witli traftion in contact. The question is. How 
loug u piece of iron Bhull we need to bend over ? The 
iinswer is: Take length enough, and no more than 
enough, to permit of room for winding on the necessary 
quantity of wire to carry the current which will give 
the requisite magnetizing power. But this latter we do 
not jet know; it has to be calculated out by the law of 
the magnetic circuit. That is to say, we must calculate 
the magnetic flux, and the magnetic reluctance ae best 
we can; then from these calculate the ampere turns of 
current; and from this calculate the needful quantity 
of copper wire, so arriving finally at the proper length 
of the iron core. It is obvious the cross-section being 
given and the value of B being prescribed, that settles 
the whole number of magnetic lines, f|, that will go 
through the section. It is self-evident that length adds 
to the magnetic roiuctanee, and, therefore, the louger 
the length is, the greater have to be the number of 
ampere turns of circulation of the current; while the 
a the length is, the smaller need be the number of 
ampere turns of circulation. Therefore you should de- 
sign the electromagnet as stumpy as possible, that is to 
aiy make it a stumpy arch, even as Joule did when he 
e across the same problem, and arrived, by a sort of 
scientific instinct, at the right solution. You should have 
no greater length of iron than is necessary in order to get 

^the windings on. Then you see we cannot absolutely 
Icnlate the length of the iron' until we have an idea 
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t about tho windiny, ami we must settle, therefore, pro- 
Tisionally, about the windings. Take a eimple ideal 
case. Suppose we had an indefinitely long, straight iron * 
rod, and we wound that from end to end with a mag- 
1 uetizing uoil. How thick a coil, how many ampere tunia 
I of circnliitiou per inch length will you require in order 
to magnetize up to any particular degree ? It is a mat- 
ter of very simple calculation. You can ealcnlate ex- 
actly what the magnetic reluctance of an inch length of 
the core will he. For example, if yon are going to mag- 
netize np to 1(>,000 lines per square centimetre, the per- 
meability will be 320. Von can take the area iinythiiig 
you hke, and consider the length of one inch; you can 
therefore calculate the magnetic reluctance per inch of 
conductor, and then you can at once Bay how many 
amp6re turiia per inch would bo neeeasary in order to 
give the desired indication of 16,()0(J magnetic lines to 
the square centimetre. And knowing the properties of 
copper wire, and how it heats up when there is a cur- 
rent; and knowing also how much heat you can get rid 
of per square inch of surface, it is a very simple matter 
to calculate what minimum thickrieea of copper the fire 
insurance companies would allow yon to use. They 
would not allow you to have too thin a copper wire, be- 
eauae if you provide an insufficient thickness of copper 
you still must drive your ampi^ros through it to get a 
Gufiicient number of amp^-re turns per inch of length; 
and if yon drive those amptVea through copper winding 
of an insufficient thickness the copper wire will over- 
heat and your insurance policy will be revoked. You 
therefore are compelled, by the pjuptieal consideration 
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the area as great as possible, and the length as small as 
possible. You will kindly note that I have given you 
as yet no proofs for the practical rules that I have been 
using; they must come later. Also I have said nothing 
about the size of the wire, whether thick or thin. That 
does not in the least matter, for the ampere turns of 
magnetizing power can be made up in any desired way. 
Suppose we want on any magnet 100 ampere turns of 
magnetizing power, and we choose to employ a thin wire 
that will only carry half an ampcl^re, then we must wind 
200 turns of that thin wire. Or, suppose we choose to 
wind it with a thick wire that will carry 10 amperes, 
then we shall want only 10 turns of that wire. The 
same weight of copper, heated up by the corresponding 
current to an equal degree of temperature, will have 
equal magnetizing power when wound on the same core. 
But the rules about winding the copper will be consid- 
ered later. 

Now if you look in the text-books that have been 
written on magnetism for information about the so- 
called lifting power or portative force of magnets — in 
other words, the traction — you will find that from the 
time of Bernoulli downward, the law of portative force 
has claimed the attention of experimenters, who, one 
after another, have tried to give the law of portative 
force in terms of the weight of the magnets; usually 
dealing with permanent magnets, not electromagnets. 
Bernoulli gave ^ a rule something of the following kind, 
which is commonly known as Hiicker^s rule: 

P = a WW; 

*""" » 4<^ta Helvetica, III., p. 232, 1T58, 
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HIHire Wis the weight of the magaet, F the greatest 
t«ad it wUl sugbiin, and a a constant depending on the 
Lfuiit of weight chosen, on the quality of the steel and on 
LMa goodoL-ss of magnetization. If the weights are in 
pounds, tlien a is found for the hest steels to vary from 
lJ8 to 24 in magnets of horseshoe shape. This expres- 
r^on is equivalent to saying that the power which a 
^nagnet can exert — he was dealing with steel magnets; 
^ttiere were no electromagnet a in Bernoulli's time — is 
r equal to some constant multiplied by the three-halfth 
^loot of the weight nf the magnet itself. The rule is 
L^accurate only if you are dealing with a number of mag- 
LBetB all of the same geometrical form, all horseshoes, 
yji&t ua say, of the same general Bhape, made from the 
I flatne sort of steel, similarly miagnetized. In former 
t jaars I pondered much on IliUsker's rule, wondering 
I Jiow on earth the three-halfth root of the weight could 
iiave anything to do with the magnetic pull; and, hav- 
ing cudgeled my brains for a considerable time, I saw 
that there was really a very simple meaning in it. 
"What I arrived at' was this: If you are dealing with a 
given material, say hard steel, the weight is proportional 
to the volume, and the en he root of the volume is some- 
thing proportional to the length, and the square of the 
tsube root forms something proportional to the square 
of the length, that is to say, to something of the nature 
of a surfaiie. What surface ? Of course the polar sur- 
face. This complbx rule when thus analyzed turns out 
to be merely a mathematician's expression of the fact 
that the pull for a given material magnetized in a given 

> fliiloeophicai itagazine, Julf , 18S8, 
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way is proportional to the area of the polar surface; & 
law which in its simple form Joule seemB to have ar- 
rived at naturally, and whit;h in this extraordinarily 
academic form was arrived at by comparing the weights 
of magnets with the weight which tliey would lift. Yoa 
will find it stated in many hooks that a good magnet 
will lift 20 times its own weight. There never v/ns a 
more fallacious rule written. It is perfectly true that 
a good steel horseshoe magnet weighing one pound onght 
to be able to pull with a pull of 20 pounds on a properly 
shaped armature. But it does not follow that a mag- 
net which weighs two pounds will be able to pull with 
a force of 40 pounds. It ought not to, because a mag- 
net that weighs two pounds has not poles twice as big if 
it is the same shape. In order to have poles twice as 
big yon must remember that threo-halfth root coming 
in. If you take a magnet that weighs eiglit times as 
much, it will have twice the linear dimensions and four 
times the surface; and with four times the surface in a 
magnet of the same form, similarly magnetized, jou 
will have four times the pull. With a magnet eight 
times as heavy you will have only four times the puU. 
The pull, wheu other things are equal, goes by surface 
and not by weight, and therefore it is ridiculous to give 
a rule saying how many times its own weight a magnet 
will pull. It is also narrated as a very extraordinary 
thing that Sir Isaac Newton had a magnet, a loadstone, 
which he wore in a signet ring, which would lift 234 
times its own weight. I have had an electromagnet 
which would lift 2,500 times its own weight, but then 
it wfts a very small pne, aud did liot weigh more tUaa 9i 
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grain and a half. When jou come to Bmall things, of 
conraa the surface is large proportionully to the weight; 
the smaller yon go, the larger becomes that dispropor- 
tion. This all shows that the old law of traction in that 
form was practically valneloss, and did not guide you 
to anything at all, whereas the law of traction as stated 
by Maxwell, and explained farther by the law of the 
mugnetic circuit, proves a most useful rule. 

From this digression let us return to the law of the 
magnetic circuit. " I gave you in my first leeture, when 
spaaking of permeability, the following rule for calcu- 
lating the magnetic indnction B: Take the pull in 
pounds, and the area of crosa-eection in square inches; 
divide one by the other, and take the square root of the 
qnotient; then multij-'lying by 1,317 gives B; or multi- 
plying by 8,494 gives B,. We have therefore a means of 
stepping from the pull per square inch to B,, or from 
B, to the pnll per square inch. Now the other rule of 
the magnetic circuit also enables ns to get from the 
ampere turns down to B,, for we have the following 
expression for the ampi^re turns: 



.S'l 



N X ^~ X 0.3132, 



and N, the whole nnmber of magnetic lines in the 
magnetic circuit, is equal to B, multiplied by .)', or 

N = B,-r. 

From these we can deduce a simple direct expression, 
provided we assume the quiility of iron as before, and 
also assume that there is no magneTic leakage, and that 
the area of cross-section is the same all round the cir- 
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cnit, in the armature as well as in tlie magnet core. So 
that I' la simply the mean total path of the magnetic 
lines all round the closed magnetic circuit. We may 
then write: 



Si^^^-^X0.3U 



' I' X 0.313a 
y the law of traction, as stated above, 



I 



A (sq. in.) 
Equating together these two valnes of B„ and solTing, 
we get for the requisite number of arap^Te turns of cir- 
culation of exciting currents: 



'' ^ .-((Bq.in.) 



B 



This, put into words, amounts to the following 
for calculating the amount of exciting power that is re- 
quired for an electromagnet pulling at its armature, in 
the case where there is a closed iiiiignetic flireuit with 
no leakage of magnetic lines. Take the square root 
of the pounds per square inch ; multiply this by the 
mean total length (in inches) all round the iron cir- 
cuit; divide by the permeability (which mnst be calcu- 
lated from the pounds per square inch by help of Table 
VL aud Table II.), and linally multiply byS.fiCl; the 
number so obtained will be the number of ampere turns. 
One goes then at ouce from the pull per square inch to 
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(the nnmber of ampt^re turns required to produce that 
'pull in a magnet of given length and of the prescribed 
iqnality. In tho case where the pull is specified in kilo- 
grammes, the area of sef:tion in aqnare centimetres, and 
the length in centimetres, the formnla beeomea 



?i = 3,951 .—\/-^. 



As an example, take a magnet core of round annealed 
wroiiftht iron, half an inch in diamett^r, eight inchefl lon^, 
, bent to horseshoe shape. Ak an armature, another piece, 
four inches long, bent to meet the former. Let uh agree to 
magnetize the iron np to the pitch of pulUng with 119 
pounds to the square inch. Reference to Table VI. showa 
, that B. will lie about BO.OOO, and Table 11. shows that in 
1 that caee f will be about 907. Fioni these data calculate 
I what load tlie magnet will carry, and how many amp£re 
turns of circulation of current will Ije needed. 

Ans. — Load (on two polee) = 43. 9T lbs, 
Ainp^r« turns needed = 372.5 
K. B.— In this calculation It is assumed that the contact 
surface between armature and magnet is perfect. It never 
is; the joint increases the reluctance of the magnetic cir- 
cuit, and there will be some leakage. It will be shown later 
how to estimate these effects, and to allow for them in the 
calculations. 

Here let me go to a matter wliicli has been one of the 
paradoxes of the past. In spite of Joule, and of the 
laws of traction, showing that the pull is proportional 
to the area, you have t!iia anomaly — that if you take a 
bar magnet having fiat-ended poles, and mcitsure the 
pull which its pole can exert on a perfectly fiat arma- 
ture, and then deliberately spoil the truth of the oon- 
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tact Bnrface, rounding it off, so mukiiig the aarface gently 
convex, the coiiTex pole, which only touches at a portion 
of its area instead of over the whole, will be found to 
esert a bigger pull than tlie perfectly flat one. It has 
been shown by various esperimeiiterB, particularly by 
Nickli'g, that if you want to increase the pull of a mag- 
net with armatures you may reduce the polur surface. 
Old Bteel magtieta were frequently purposely made with 
a rounded contact surface. There are plenty of exam- 
ples. Suppose you take a straight round core, or one 
leg of a horseshoe, which answers equally, and take a 
flat-ended rod of iron of the same diameter as an arma- 
ture; stick it on endwise, and measure the pull when a 
given amount of ampere turns of current is circulating 
round. Then, liaving measured the pull, remove it and 
file it a little, so as to reduce it at the edges, or take a 
slightly narrower pitce of iron, so that it will actually 
be exerting ita power over a smaller area, you will get a 
greater pull. What is the explanation of this extraor- 
diTiary fact? A fact it is, and I will show it to you. 
Here, Fig. 34, is a small electromagnet which we can 
place with its poles upward. This was very carefully 
made, the iron poles very nicely faced, and on coming 
to try them -it was found they wero nearly equal, buv 
one pole, A, waa a little Btfonger than the other. We 
have, therefore, rounded the other pole, B, a little, and 
here I will take a piece of iron, C, which hus itself been 
slighty rounded at one end, though it is flat at the 
other. T now turn on the current to the electromagnet, 
and I take a spring balance so that we can measure the 
pull at either of the two poles. When I put the flat end 
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C to the flat pole A so that there is an excellent con- 
tact, I And the pull about 2| pounds. Now try the 
sn>nnd end of C on the flat pole A ; the pull is about 
^hree pounds. The flat end of C on the round pole B 
:mB also about three pounds. But if now I put together 
it;wo surfaces that are both rounded T get almost exactly 
~4he same pull as at first with the two flat surfaces. I 





Fio. 24,— Experiment on Round- 
INO Ends. 



Fig. 25.— Experiment op Detach- 
ing Armature. 



have made many experiments on this, and so have 
others. Take the following case : There is hung up a 
horseshoe magnet, one pole being slightly convex and 
the other absolutely flattened, and there is put at the 
bottom a square bar armature, over which is slipped a 
hook to which weights can be hung. Which end of the 
armature do you think will be detached first ? 

If you were going simply by the square inches, you 
would say this square end will stick on tighter; it has 
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moro gripping Biirfiice. But, as & matter -if fact, 
other sticks tighter. Why ? We are denliiig here with 
8 tniignetic drciiit. There is a certain total magnetic 
reluctance all round it, and the whole number of niag- 
cetic lines generated in the circuit depends on twu 
things — oil the magnetizing force, and on the reluctance 
all round; and, saving a little leakage, it is the same 
namher of magnetic lines which come through at Ji as 
go through at A. But here, owing to the fact that 
there is at li u hetter contact at the middle than at 
the edges of tlie pole, the lines are crowded into a 
smaller space, and therefore at that particular place B, 
the number of lines per »t[uare inch runs up higher, and 
when you square the larger number, its square becomes 
still larger in proportion. In comparing the square of 
Bmaller B, with the stjuare of greater B„ the square of 
the smaller B, over the larger area turns out to he less 
than the square of the larger B, integrated over the 
smaller area. It is Ihe law of the square coming in. 

As an example, take the case of a magrnet pole formed on 
the end o( a piece of ronod iron 1.15 inches in diameter. 
The flat pole will have 1.0.> inches area. Suppose the uia^ 
nMl/inB forces are suph as to make B. — 00,300. then Ity 
Table VI. the whole pull will be 118.75 pounds, and the 
actual number of lines throuR-h the eonta<*t surface will be 
N = iW,B16. Now suppose the pole be redueod by rounding 
off the edge till the effective contact area is reduced to O.fl 
square inch. If all these lines were crowded through that 
area, that would frive a rate of 10.5.350 per pquare inch. Sup- 
pose, however, that f h<> mldifional reluetanee and the leak- 
age reduced the riuinber bj- two [mt cent., tliere would still 
be 108,360 per square iucb. Reference to Table VI. shows 
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that this gives a pall of 14T.7 ponmla per square inch, which, 
multiplied by the reduced area 0.0, gives a total pull of 133.9 
ponnde, which is larger than the original puU. 

Let me show jou yet another esperiment. This is 
the same electromagnet (Fig. 24) whicli has one flat 
pole and one rounded pole. Here is an armature, also 
bent, having one flat and one rounded pole. If I put 
flat to flat and round to round, and pull at the middle. 
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the flat to flat detaches flrBt; but if wg take round to 
flat and flat to round, we shall probably find they are 
about equally good — it is hard to say which holds the 
stronger. 

The law of traction can again be applied to test the 
so-called distribution of free magnetism on the surface. 
This is a subject on which 1 shall have to siiy a good 
deal, We must therefore carefully consider what is 
meant by the phrase. Let Fig. 26 be a rough drawing 
of an ordinary bar magnet. Every one knows that if 
we dip snob a magnet into iron filings the small bits of 
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iron etipk on more eepecially at the ends, but not t 
cliisively, and if you hold it under a pioce of paper or 
cardboard, and sprinkle iron filings on the paper, you 
obtain curves like those shown on the diagram. Tiiey 
attest the distribution of the magnetic forces in the 
external sjiace. The magnetiHra running internally 
through the body of the iron begins to leak out sidewiee, 
and, filially, all the rest leaks out in a great tuft at the 
end. These magnetic lines pass round to the other end 
and there go in again. The place where the steel is 
internally most highly magnetised is this place across 
the middle, where externally no iron filinga at all stick 
to it. Now, we have to think of magnetism from the 
inside and not the outside. This magnetism extends in 
lines, coming up to the surface somewhere near the 
ends of the bar, and the filings stick on wherever the 
magnetism comes up to the surface. They do not stick 
on at the middle part of the bar, where the metal is 
really most completely permeated through and through 
by the magnetism; there area larger number of lines 
per square centimetre of cross-section in the middle 
region where none come up to the surface, and no filings 
stick on. Sow, we may explore the leakage of magnetic 
lines at various points of the surface of the magnet by 
the method of traction. We can thereby arrive at a 
kind of measure of the amonnt of magnetism that is 
leaking, or, if you like to call it so, of the intensity of 
the " free magnetism " at the surface. I do not like to 
have to use these ancient terms, because they suggest 
the ancient notion that magnetism was a fluid or, 
rather, two fluids, one of which was plastered on at one 
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I of the muguet, imd the othur ut tlis; other, just a 
yon might put red paint or blue paint over the ends. I 
only use that term boeauae it is already more or less 
familiar, ITere is one of the ways of uxperinientally 
exploring the so-called distribution nf free miignetiam. 
The method was, I believe, originally due to Pliickor; 
at any rate, it waa much used by him. This little piece 
of apparatus waa arranged by my friend and proiieoes- 
sor, Prof, Ayrton, for the purpose of teaching his stu- 
dents at the Finabury College.^ Here ia a bar magnet 
of steel, marked in centimetres from end to end; over 
the top of it there ia a little steel-yard, consisting of a 
weight sliding along an arm. At the end of that steel- 
yard there is suspended a small bullet of iron. If we 
bring that bullet into contact with the bar magnet any- 
where near the end, and equilibrate the pull by sliding 
the counterpoise along the stoel-yard arm, we shall ob- 
tain the definite pull required to detach that piece of 
iron. The pull will be proportional, by Maxwell's rule, 
• to the square of the number of magnetic lines coming 
up from the bar into it, Shift the magnet on a whole 
centimetre, and attich the builet a little further on; 
now equilibrate ic, and we shall find it will require a 
rather smaller force to detach it. Try it again, at points 
along from the end to the middle. The greatest force 
required to detach it will be found at the extreme cor- 
ner, and a little less a little way on, and so on until we 
find at the middle the bullet does not stick on at all, 
simply because there are here no magnetic lines leaking. 
The method ia not perfect, because it obviously depends 
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OH the magnotio properties of the little bullet, w 
whether it ia much or little satimited with mugnetiam. 
Moreover, the presence of the bullet perturbs the very 
thing that is to be mensiircd. Le^lcage into air is one 
thing; leakage into uir perturbed by the presence of the 
little bullet of iron, whicki invites leakage into itself, is 
another thing. It is an imperfect experiment at the 
beat, but a very instrnctive ona This method hu 
been used again and Hguin in viiriona cases fur exploring 
the apparent magnetism on the surface. I shall nae it 
hereafter, reserving the right to interpret the result by 
the light of the law of tiiietlon. 

I now puss to the consideration of the attraction of a 
magnet on a piece of iron at a distance. And here I 
come to n very delicate aud complicated qneation. What 
ia the law of force of a magnet — or electromagnet— act- 
ing at a point some diattince away from it ? I have a. 
Tery great controversy to wage against the common way 
of regarding this. The usual thing that is proper to 
Bay ia that it all depends on the law of inverse squares. 
Now, the law of inverse squares is one of those detesta- 
ble things needing to be abolished, which, although it 
may be true in abstnict mathematics, is absolutely in- 
applicable with respect to electromagnets. The only 
nse, in fact, of the law of inverse squares, with respect 
to electro magnetism, is to enable you to write an an- 
swer when you want to pass an academical examination, 
Bet by some fossil examiner, who letiruod it years ago at 
the Univerfiity, and never tried an experiment in his 
life to see if it was applicable to an electromagnet. In 
academical examinations they always expect you to give 
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law of inverse squares. What is tha law of inverse 
squares? We had better understuud what it is before 
Te condemn it. It is a statement to the following effect 
—that the action of the magnet (or of the pole, some 
people say), at a point at a distance away from it, varies 
inversely us the square of the distance from the pole. 
There is a certain action at one inch uway. Double the 
diatanoe; the square of that will be four, and, iuveraely, 
the action will be one-quarter; at double the digtaiioe 
the action is one-quarter; at three times the distance 
the action is one-ninth, and so on. You just try it 
■with any electromagnet; nay, take any magnet you 
like, and unless you hit upon the particular caBU, I be- 
lieve you will find it to be universally untrue. Experi- 
ment does not prove it. Coulomb, who was supposed 
to establish the law of inverse squares by means of the 
torsion balance, was working with long, thin needles of 
speoi.illy hard steel, carefully magnetized, bo that the 
only leakage of magnetism from the magnet might bo 
as nearly as possible leakage in radiating tufts at the 
very ends. He practically had point poloa. When t 
only BUi-face magiietiam is at the end faces, the magnetio 
lines Iciik out like niys from a centre, in radial lines. 
Now the law of inverse squares is never true except for 
the action of points; it is a,poinl\a,w. It yon could get 
an electromagnet or a magnet with poles so small in 
proportion to ita length that you can consider the end 
face of it as the only place through which magnetio 
lines leak up into the air, and the ends themselves so 
email as to bo relatively mere points; if. also, you can 
regard those end faces us somethinj^ so fur away from 
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whatever they ure going to »ct upon that the dista 
between them shall bo large compared with their size, 
and the end iteelf so Bmnll us to bo a point, then, and 
then only, is the luw of inverse Bquares true. It is a 
law of the action of points. What do we find with elec- 
tromagneta J" Wo ure dealing with pieces of iron which 
are not infinitely long with respect to their crosa-Bec- 
tion, and generally posBessing round or square end faces 
of definite magnitude, which are quite close to the 
armature, and which are not so infinitely far away that 
you can consider the polar face a point as compared 
with its distance away from the object upon which it is 
to act. Moreover, witJi real electromagnets there is 
always lateral leakage; the magnetic lines do not all 
emerge from the iron through the end face. Therefore, 
the law of inverse squares is not applicable to that case. 
What do we mean by a pole, in the first place ? We 
must settle that before we can even begin to apply any 
law of inverse squares. When leakage occnrs all over a 
great region, as shown in this diagram, every portion of 
the region is polar; the word polar simply means that 
you have a place somewhere on the surface of the mag- 
net where filings will stick on; and if filings will stick 
on to a considerable way down toward the middle, all 
that region must be considered polar, though more 
strongly at some parts than at others. There are some 
cases where yon can say that the polar distribution is 
such that the magnetism leaking through the surface 
acts as if there were a magnetic centre of gravity a little 
way down, not actually at the end ; hut chhcs where you 
<^n say there i^ sucU a distribution as to have a mag- 
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^a"i;ic centre of gravity are strictly few. When Gausa 
^s>d to make up his tnagnetic measurements of the 
^*xi;h, to describe the earth's magnetism, he found it 
■ToBolutely impossible to assign any definite centre of 
S"*^»Tity to the observed distribution of magnetism over 
-lie northern regions of tlio eartli; that, indeed, there 
■'V'as not in this sense any definite magnetic pole to the 
^"^rth at all. Nor is there to our magnets. There is a 




polar region, but not a pole; and if there is no centre 
of gravity of the surface magnetism that you can call a 
pole from which to measure distance, how about the law 
of inverse squares ? Allow me to Show you an apparatus 
(Fig. 27), the only one I ever heard of in which the Saw 
of inverse squares is true. Here is a very long, thin 
magnet of steel, about three feet long, very carefully 
magnetized so as to have no leakage until quite close 
up to the end. The consequence is that for practical 
purposes you may treat this as a magnet having poiot 
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its action on the needle ehall hiive no horizontal com- 
ponent. The apparatus 13 so arranged that, whatever 
the position of that north pole, the eouth pole, which 
merely slides perpendicularly up und down on a guide, 
is vertically over the needle, and therefore does not tend 
to turn it round in any diruction whatever. With this 
apparatus one can approximately verify the law of in- 
verse squares. But this is not like 
any electromagnet ever used for any 1, 

useful purpose. You do not make 

electromagnets long and thin, with |^ 

point poles a very large distance i''\ 

away from the place where they ] '^ 

are to act; no, yon use them with | \ 

large surfaces close up to their arm- I ' 

There is yet another case which | \ 

follows a law that is not a law of in- ] \ 

verse squares. Suppose you take a 
bar magnet, not too long, and ap- ^^—■ 
preach it hroadside on toward a fio. as—DBTLKcnoN or 
small compass needle, Fig. H8. Of m ab"^ BnoArafoK oit! 
course, you know as soon as you get 
anywhere near the compass needle it turns round. 
Did you ever try whether the eSect is inversely pro- 
portional to the square of the distance reckoned from 
the middle of the compass needle to the middle of 
the magnet? Do you think that the deflections will 
vary iuTereelj with the squares of the distances? 
You will find they do not. When you place the bar 
;ui^et like thatj broadside ou to the needle, the de- 
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Sections vary as the cube of tlie distaiioe, 
square. 

Now, in the case of an electromogiiet pulling at ita 
armature at a distance, it is utterly impossible to state 
the law in that misleading way. The pull of the elec- 
tromagnet on its armature is not proportional to the 
distance, nor to the sciuarc of the distance, nor to the 
cube, nor to the fourth power, nor to the square root, 
nor to the three-halfth root, nor to any other power of 




the distance whiitover, direct or inverse, because yoa 
find, as a matter of fac-t, that as the distance alters some- 
thing else altera too. If your poles were always of the 
same strength, if they did not act on one another, if 
they were not affected by the distance in between, then 
some such law might be stated. If we could always 
say, as we used to say in the old language, "at tLat 
pole," or "at that point," there are to be ccaisidered so 
many " unite ol magnetism," mi at that other place bo 
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many ntiits, and those are going to not on one another; 
then you oonld, if you wisheJ, calculate the force by 
the law of inverBc aquares. But thiit does not corre- 
spond to anything in fact, hfciuii»e the jjoles are not 
points, and furtherj the quantity of ni:ignoti8m on them 
is not a fixed quantity. Ab soon ns the iron armature 
ia brought neiir the pole of the electromagnet there ia a 
mutual intentctiou; more magnetic Hues flow out from 
the pole thivn before, because it is euaier for magnetic 

I 

I inieg to flow through iron than through air. Let ns 
r consider a little more narrowly that which happens 
when a hiyer of air ia introduced into the magnetic cir- 
cuit of iin electromagnet. Here wo have (Fig. 29) a 
closed magnetic circuit, a riug of iron, nncut, such as 
we experimented on hist week. The only reluctance in 
the path of the magnetic lines is that of the iron, and 
this reluctance we know to be small. Compare Fig. 29 
Vith Fig. 30, which represents a divided ring with air- 
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gape in between the severed ends. Now, air is aleaS 
permeable medium for magnetic lines than Iron is, or, 
in other words, it offers u greater magnetic reluctance. 
The magnetic permeability of ij-on varies, as we know, 
both with its quality and with the degree of magnetic 
Batnration, Eeference to Table III. shows that if the 
iron has been magnetized up so as to carry 16,000 mag- 
netic lines per square centimetre, the permeability at 
that stage is about 320. Iron at that stage conducts 
magnetic lines 320 times better than air does; or air 
offers 330 times a& much reluctance to magnetic lines as 
iron (at that stage) does. So then the reluctance in the 
gaps to magnetization is 320 times as great as it would 
have been if the gaps had been filled up with iron. 
Therefore, if yon have the same magnetizing coil with 
the same battery at work, the introduction of air-gaps 
into the magnetic circuit will, as a first effect, have the 
result of decreasing the number of magnetic lines that 
flow round the circuit. But this first effect itself pro- 
duces a second effect. There are fewer magnetic lines 
going through the iron. Consequently if there were 
16,000 lines per square centimetre before, there will now 
be fewer— say only 12,000 or so. Now refer back to 
Table III. and you will find that when B is 12,000 the 
permeability of the iron is not 320, but 1,400 or bo. 
That is to say, at this stage, when the magnetization of 
the iron has not been pushed so far, the magnetic re- 
luctance of air is 1,400 times greater than that of iron, 
so that there is a still greater relative throttling of the 
magnetic circuit by the reluctance so offered by the air- 
gaps. 
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Kpplj that to the case of an actiial electromagnet. 

I is a diagram, Fig. 31, representing a horseshoe 

electromagnet with an armature of er[ual section in con- 

aict with it. The actual electromagnet for the experi- 

kxnent is here on the table. You can calculate out from 

l^'tlie section, the length of iron and the table of permear 




bility how many ampere tnms of excitation will pro- 
duce any required pnll. But now consider that same 
electromagnet, as in Fig. 32, with a Braall air-giip be- 
tween the armature and the polar faces. The same 
circulation of current will not now give you as much 
magnetism as before, because you have interposed i 
gaps, and by the very fact of putting in reluctance there 
tha Dumher of magnetic lines is reduced. 
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Try, if yoii likp, to inU'rpret this in the old w 
the old notion of poles. The electromagnet h»i>^ 
poles, and tlie§e exfiti' iiidumd poles in tl 
surfncc of the arnintiiro, resulting in iittructioiu I 
yon donblc the distnnce from the pole to the itmiM 
magnetic force (always supposing the poles i 
points) will be OMe-iiiiiirter, hence the iudnivd f^A 
the urmtttnre will only bo one^jaarter ns strong. WB 
the pole of the electromagnet is itself weakpr. mm 
niiicii weiiker? The law of inverse squared dowWB 
give yon tlio glightost clue to this alI-im]>ortaiit& 



you cannot wiy how much woiiker the 



primary J 



letther can yon say how maoh weaker the indnofi 
will be, for the latter depends upon the forroM 
liiw of inverse Rquures in a ciiBe like this is abe 
misleading. 

Moreover, a third effect comeB in. Not only jj 
cut down the magnetiflm hy making an air-gap, i 
have a new consideration to take into account I 
oauRe the magnetto lines, as they pass up throngfal 
of the air-gaps, along the armature, down the a 
the other end, encounter a considerable reluctano^l 
whole of the magnetic lines will not go that way; ■« 
of them will take some shorter cut. atthongli it may Ik \ 
all through air, and you will ha^e some leakage across I 
from limh to limb. I do not say you never have leakage I 
nnilor otlmr circumstincos; even with an arraatnre in 1 
apparent eontju-t there is always a ceitiiin amonnt of ' 
sideway leakHgo. It depends on the s'^odness of I 
contact. And if yon widen thi' iiir-ir-ip^ siiU fort 
)-i>u will httYO atill mora rchKt.i' I'-^th, and ^ 
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Jess magnetism. and still more leiiktige. Fig. 33 rongbly 
.indientea this further stage. The armature will be far 
less strongly pulled, because, iu the first place, the in- 
reluctauce strangles the ilow of iniignetic lines, 
of them Id the magnetic cir- 




cuit; and, in the second place, of this lesser niimher 
only a fraction roach the armature because of the in- 
creased leakage. Wheu yoU take the armature entirely 
away the only magnetic linee that go through the iron 
are those that flow by letikiige across the air from the 
one limb to the other. This is roughly illufiti-ated by 
fig. 3i, the last of this set. 
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LeaWairf ;ior(«s from limb to limb is alw 
the magtuiic lines, so far us useful purposes attl 
cerned. Tlicrefure it ie clear tliat, in order tort" 
the effect nf iuirodiiciug the distunce between the an 
tiire and llie uiagnot, we have to take into account^ 
leakage; ;uid to calculate the leakage is no easv nmtta.H 
There am i^ii many con itideritt ions that occur as totlutB 



at, that it is noteurl 
tave the wrong ouffl. I 
1 d by — tliey arefldilti 
it for the momenta-] 

de. 

illustrating thisqna-l 



which Olio iius to take 
to chooa.' the right ones aiic 
Calculations we must make by :i 
as an apjioitdix to this leetnre- 
periment seems to he the beat | 
I will therefore refer, by way 
tion of leakage, to some expcrinj its mnde by Sturgeon. 1 
Sturgeon luiil a long tubular elt tromagnet made of a 
piece of old musket barrel of Irinwound with a coil: 
he put a compass needle about a foot away, mid observeil I 
the effect. He found the compass needle deflected about 
23 degrees; then he got a rod of iron of equal lengtli 
iiiid put it in at the end. and found that putting it in 
so that only the end was iutroduced — in the manner 1 
am uinv illiK-itraliug to you on the table — the deflection 
iuiToast'd from S3 dcgrwe (o .tT degri'cs; but when he 
luulicd the iron right houu' into the giin barrel it went 
kiok to utiuly 9;t dogitH's. How do yon acconnt for 
th;U ? Ho had nnoonsoiously ini-reased its facility for 
loak;igi> when lu» It'ngthi'ued unl lite iron core. And 
whiHi ho puslwt tho ivii I'ijjhl homo inio the barrel, the 
'■\tr:i lo;iLi«>> wluoli wti» iiin> '" llio addol surface conld 
■;ot :,ii,l ,lid Hot ovs'iiv, 'Vhow \\iii< a-Kii'-ional cross- 
vu,.u,l.iu wlwl v«(lhrtC 'y*>»' ■'■'I v-ross-eectiou 
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practicallj of no accoant. You want to forcp the 
tnagnetlEm ucroBS some 30 inclibs of air wiiii^h reeiets 
from 300 to 1,000 times as much as iron. Whiit is the 
use of doubling tho section of the iron ? You want to 
reduce tlie air I'eluctance, and you have not rtsduoed the 
air by putting a core into the tube. 

There is a paradoxical experiment which we will try 
next week that illuBtnites an important principle. If 
you take a tubular electromagnet and put little pieces 
of iron Into the ends of the iron tube that server as 
core, and then magnetize it, the li ttle pieces of iron will 
try to push themaolvea out. There ia always a tendency 
to try and increase the completeness of the magnetic 
circuit; the circuit tends to rearrange itself so as to 
make it easier for the magnetic lines to go round. 

Here is another pai-adoxical experiment. I have here 
a bar electromagnet, which we will connect to the wires 
that bring the exciting current. In front of it, and at 
a distance from one end of the iron core, is a small com- 
pass needle with a feather attached to it as a visible in- 
dicator so thiit when we turu on the current the elec- 
tromagnet will act on the needle, and you will see the 
feather turn round. It is acting there at a certain dis- 
tance. The magnetizing force is mainly spent not to 
drive magnetism round a circuit of iron, but to force it 
through the air, flowing from one end of the iron core 
out into the air pissm^ by the compass needle, and 
streaming round again invisible, into the other end of 
the iron core. It ought to increase the flow if we can 
in any way aid the magnetic lines to flow through the 
How can I aid this flow ? By putting oa ««:>Q\.<a- 
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flections vury us tho cube uf the disLinae. di^I| 
square. 

Now> in the case of sn electromagnet pulling XH 
armature at a distance, it is utterly impossible U ■« 
the luw in that mialeudiug Wiiy. The pull of ttsf'' 
tromiignet on its armature is not proportional tfl*! 
diatance. nor to the Bqnari' of the dist^inL-e, nor toitU 
cube, uor to the funrlh puwer, nor to the sqnare «*B 



nor to the I 



T power I 



the distance whutcver, direct or inverse, because ] 
find, as a matter uf fact, tlmt as the distunee alters soi 
thing else altera too. If your poles were always of tbs J 
same strength, if they did not act on one another 
they were not affected by the distance iu between, ti 
Bome such law might be stated. If we could alig 
say, as we used to say iu the old language, ' 
pole," or "at that point," there are to be conBidBrJ 
many "unitfl of maguetiem," and al that other i 
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thing lit the lUhcr I'liil to help the magnetic, lines lo| 
back home. Mire isn Hut piece of iron. Putting 
here iit the iiiiider cud of the core ought to Lelpilnl 
flow of mnitiu'tio. liiifs. Yoa see that tlte feather mm\ 
a riither laryer exeiirsioii. Taking away the piere 
iron iliminisheB the elTect. So also in experiments' 
tractive power, it can be proved that the atldiiigofi' 
mass of iron at the fur end of ii straight eIectromagii*1 
greatly increases the pulling po. ;r at the end that J«, 
are working with; while, on the ther hand.puttiugtlili 
same piece of iron on the f ron t end iis a pole pieW 
greatly diminishes the pull. Her), clamped to the tuble, 
is a bar electromagnet excited by the current, and lieie 
is a small piece of iron attached to a spring bnlunceV 
means of which I can measure the pnll required to d^ 
tach it. With the current wJiich I am employing 1 he 
pull is about two and a half pounds. I now place upon 
the front end of the core this block of wrought iron; it 
is itself strongly held on; but tlie pull which it itaell 
exerts on the small pieee of iron is small. Less tlmn 
half a pound feuiBces to detach it. I now remove thu 
iron block from the front end of the core and place it 
upon the hinder eud. And now I find thut the forco 
required to det;u;h the small piece of iron from the 
front end is about three and a half pounds instead <d' 
two and a half pounds. The front end exerts a big^ 
pull when there is a mass of iron attached to the hind^ 
end. Why? The whole iron core, including its troiM 
end, bccomee more highly magnetized. bet;uiee there 18. 
now a better way for the magnetic lines to emerge at 
the other eud and come roi" " '- this, in Khort, 



IP LECTURES ON THE ELECTROMAGNET. 135 ^^M 

ve dimiuished the magnetic reluctance of the air part ^^H 
Jrof the' magnetic circuit, and the flow of mugnetic liriQS ^^H 
Klin the whole magnetic circuit is thereby improved. So ^^B 
lit was also when the mass of iron wub placed across the 
'irout end of the core; hut the magnetic lines atreumed 
ttway httckward from its edgea, and few were left in ^^^ 
I front to act upon the small hit of iron. So the law of ^^| 
p magnetic circuit action explains this anomalous behavior. ^^| 
t facts like these have heen well known for a long time ^^1 
I to those who have studied electromagnets. In Stur- 
geon's book there ia a remark that bar magnets pull 
better if they are armed with a masa of iron at the dis- 
tant end, though Stnrgeon did not see what we now 
know to he the explanation of it. The device of fasten- 
ing a mass of iron to one end of an electromagnet in 
order to increase the magnetic power of the other end 
was patented by Siemens in 1862. 

We are now in a position to understand the bearing 
of some curious and important researches made about 
40 years ago by Dr. Julius Dub, which, like a great many 
other good things, lie buried in the hack volumes of 
]'<i'jijp.}iilnrff^n Aniiahn, Some account of them is also 
given in Dr. Dub's now obsolete book, entitled "Elek- . 
tromagnetismus." 

The first of Dub's experiments to which I will refer 

relates to the difference in behavior between electro- 

magiiets with flat and those with pointed pole ends. He 

formed two cylindrical cores, each six inches long, from 

I the same rod of soft iron, one inch in diameter. Either 

L of these could he slipped into an appropriate magnetiz- 

^ — 
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had its end jioiiited, or, nither, it was coned down until 
the flat end was left only half an inch in diameter, poa- 
sesaing therefore only one-fmirth of the amount of con- 
tact surface which the other core possessed. As an 
armature there was used another piece of the same soft 
iron rod, 12 inches long. The pull of the electromag- 
net on the armature at different distances was carefully 
measured, with the following results : 




PuU on Flat Poto 


PuU on Potated PtdB 

(Uw,). ^^ 


1 


1 


is 

0.38 


I 


1 1 


These results are plotted out in the carves in Fig. 35. 
It will be seen that in contact, and at very short dis- 
tances, the reduced pole gave the gTeater pull. At 
about ten mils distance there was equality, hut at all 
distances greater than ten mils the flat pole had the 
advantiigo. At small distances the concentration of 
magnetic lines gave, in iiccordance with the law of trac- 
tion, the advantage to the reduced pole. But this ad- 
vantHge was, at the greater distances, more than out- 
weighed by the tact that with the greater widths of 
air-gap the use of the pole with larger face reduced the 
magnetic reluctance of the gap and promoted a larger 
flow of magnetic lines into the end of the armatnre. 

Dub's next experiments relate to the employment of 
polar extensions or pole-pieces attached to the core. 
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Tlhese experiments are ao curLoiis, so uuoxpectedj unless 
you know the reasons why, tiiat I invite your especial 
attention to them. If an onginetr had to niaite a firm 
joint between two pieces of metal, and he feared that a 
mere attachment of one to the other was not adei^uately 
strong, his first and moat natural impulse would be to 



I enlarge the parts that come together — to give one, as it 
were, a broader footing ngainst the other. And that is 
precisely what an engineer, if nninatrueted in the true 
principles of magnetism, would do in order to make an 
electromagnet stick more tightly ou to its armature 
would enlarge the ends of one or both. He would add 
pole-pieces to give the armature a better foothold, Noth- 



I 



5 

4I -. 

i'T — 
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ing, as you will see, could be more disastrous. Dub em- 
ployed in tliese experimentj a straight electromagnet 
having a cylindrical soft iron core, one inch in diameter, 
twelve inches long; and as armature a piece of the same 
iron, six inches long. Both were flat ended. Then six 
pieces of soft iron were prepared of various sizes, to 
serve as pole-pieces. They could be screw^ed on at will 
either to the end of the magnet core or to that of the 
armature. To distinguish them we will call them by 
the letters A, B, C, etc. Their dimensions were as fel- 
lows, the inches being presumably Bavarian inches: 



Piece. 


Diameter. 


Length. 






Inches. 


Inches. 




A 


2 


1 




B 
C 


Ig 


l« 




D 


2 


^ 




E 


1^ 


1 




F 


1 


2 





Of the results obtained with these pieces we will select 
eight. They are those illustrated by the eight collected 
sketches in Fig. 3G. The null required to detach was 
measured, also the attraction exerted at a certain dis- 
tance apart. 



Experiment. 


On Magnet. 


On Armature. 


Traction. 


Attraction. 


I 


None. 


None. 


48 


22 


II 


D 


None. 


30 


10 


Ill 


E 


None. 


32 


11.5 


IV 


C 


None. 


35 


18.5 


V 


I) 


A 


20 


7.5 


VI 


None. 


B 


50 


25 


VII 


None. 


D 


43 


25 


VIII 


None. 





50 


18 

- 
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■, putting o 
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a polft- 



1 every c 
end (jf the magnet dir 
1 contact and tlio attractiun at a distiinec; it simply | 
iromotcd leakage and diBsipatlun of the magnetic lines. 




The worst case of all whs that in which there were pole- i 
I pieces both on the magnet and on the arniatnre. In 
' the last three cases the pull was increased, but hero the 

enlarf^ed piece was attached to the armature, so that it 

K those magnetic lines which came up into it tg 
: I 
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flow back laterally to the bottom end of the electromag- 
net, while thus reducing the magnetic reluctance of the 
return path tlirough the air, and so, increasing the total 
number of magnetic lines, did not spread unduly those 
that issued up from the end of the core. 

The next of Dub's results relate to the effect of add- 
ing these pole-i)iece8 to an electromagnet 12 inches 

long, which was being employed, 
broadside on, to deflect a distant 
compass needle (Fig. 37). 




Pole-piece 
used. 



Deflection 
(degret-s:. 

None 84.5 

A 42 

B 41.5 

C 4<) 5 

D 41 

E 39 

F 38 

In another set of experiments 
of the Siime order a permanent 
magnet of steel, having polos n s, 
was slung horizontally by a bifilar 
suspension, to give it a strong 
tendency to set in a particular 
direction. At a short distance 
laterally was fixed the Siime bar electromagnet, and 
the same i)ole-i)ieces were again employed. The re- 
sults of attaching the pole-pieces at the near end are 
not verv conclusive: thev slijrhtlv increased the defleo- 
tion. But in the absence of information as to the dis- 
tance between the steel magnet and the electromagnet, 
it is difficult t(» assiiru proper values to all the cauaes at 



Fio. 37.— Dub's DEKLKcmoN 
Experiment. 



work. The results were: 
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Dpftedinn 
(degreesj. 

When, however, the pole-pieces were attached to the 
distant end of the electromagnet, where their effect 
voold undouhtedly be to promote the leakage of mag- 




netic lines into the air at the front end without mnch 
afEecting the diatribution of those lines in the space in 
front of the pole, the action was more marked. 
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Still confining ourselves to straight electromagnets, I 
now invite your attention to some experiments made in 
1862 by the late Count Du Moncel as to the effect of 
adding a polar expansion to the iron core. He used as 
his core a small iron tube, the end of which he could 
close up with an iron plug, and around which he placed 
an iron ring which fitted closely on to the pole. He 
used a special lever arrangement to measure the attrac- 
tion exercised upon an armature distant in all cases one 
millimetre from the pole. The results were as follows: 



Tubular core alone , 

*' " with iron pliu: 

Core provided with mass of iron at distant end. 

with iron pluK 



Without ring 
on pole. 



11 
17 
27 
88 



VSTithringon 
pole. 



10 
14 
25 
38 



After hunting up these researches it was extremely 
interesting to find that so important a fact had not 
escaped the observant eye of the original inventor of 
the electromagnet. In Sturgeon^s *' Experimental Re- 
searches " (p. 113) there is a foot note, written appar- 
ently about the year 1832, which runs as follows : 

"An electromagnet of the above description, weighing 
three ounces, and furnished with one coil of wire, supported 
14 pounds. The poles were afterward made to expose a 
large surface by welding to each end of the cylindric bar a 
square piece of good soft iron ; with this alteration only the 
lifting power was reduced to about five pounds, although 
the magnet was annealed as much as possible." 

We saw that this straight electromagnet, whether 
us^d broadside oi; or end on^ could ^-ct on thq compass 
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some distaiico from it, and deflect it. 
OTiDenta thure wtia do return puth for the 
'•magnetic lines that flowed througli tbe iron core save 
.- 'that afforded by tlie surrounding air. Tlie lines flowed 
R found in wide-sweeping cnrves from one end to the 
i other, as in Fig. S6; the magnetic field being quite ex- 
► tensive. Now, what will happen if we provide a return 
M jwth? Suppose I surround the electromagnet with an 
t iron tube of the same length as itself, the lines will flow 
N along in one direction through the core, and will find 
an easy path hack along the outside of the coil. Will 
the magnet thus jacketed pull more powerfully or less 
^ on that iittlo suspended magnet ? I ahonld expeet it to 
pull less powerfully, for if the magnetic lines have a 
good return path here through the iron tube, why should 
they force themselves in such a quantity to a distance 
through air in order to get home ? No, they will natu- 
rally return short hack from the end of the core into 
the tubuhir iron jacket. That is to say. the action at a 
distance ought to be diminished by putting on that iron , 
tube outside. Here is the experiment set up. And you 
see that when I turn on the current my indicating ' 
needle is scarcely affected at all. The iron jacket causes i 
that magnet to have mnch less action at a distance. 
Yet I have known people who actually proposed to use 
jacketed magnets of this sort in telegraph instruments, 
and in electric motors, on the groiiud that they give 
a bigger pull. You have seen that they produce less 
action at a distance across air, but there yot remains the 
question whether they give a bigger pull in contact ? 
undoubtedly they do; because everything that is 
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lidlping the magnetisoi to get roand to the other 
Increaaes the goodness of the magnetic ciraiiL d\ 
thiTcfore increaseti the tolttl mn^etic flm. 

Wv- will try this experiment npoii another 
ftpimnitne. one that has been U8ed for some jewi 
Fiiisliury Techiiic-il College. It consists of » 
eloutromiigiiet set upright in a base-bojird, OTer 
erected a light gallows of wood. Across tbe 
the gallowK goes a winch, on the axle of wbii 
iiimll [lulley with a eord knotted to it. To the 
end of the cord is hung a common spring btUaoe^ 
the hodk of which doponds a emtill horizontal 
iron to net as an armature. By means of thi 
lower this diec down to the top of the electromsgnit 
Tim current is turned on: the disc is attracted. Ol 
winding tip the winch I increase the npper pull nntil 
the disc is detached. See, it required about nine pooudi 
to pull it off. I liow Blip over the electromagnet, willi- 
out ill uuy way attaching it. this loose jacket of iron— > 
U\\)i\ the upper end of which stjiuda fltiah with tli« 
upper polar surface. Once more I lower the disc, anil 
this time it attitchos iteelf at its middle to the central 
pide, and at its edges to the tube. What force will 
be required to detach it? The tube weighs about one- 
half pound, and it is not fixed at the bottom, 
94 pounds suffice to lift the disc ? Hy no means. Mj 
balance only measures np to 34 pounds, and even that 
pull will not suffice to detach the disc. I know of 
caao where the pull of flu; stnnglit cur 
16-fi.ld by the mere addiii..iL ^f u 
I iruu to complete the magiiciic cii' 
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Lo use of a ttibiiLir jiicket to an e 

.1 reinYsntod, It dtitea buck to about 1850 and J 
* has been variously claimed for Romersliausen, fur Guil- 
lemiu, and fur Fabre. It is described in Uavis' "Mag- 
aetism," published in Boston in 1S55. About aiiteen 
years ago Mr, Faulkner, of MiiDchester, revi* ed it under 
the name of the Altandae electro uiiignet. A discuasion 
upoii jacketed electromagnets took pliicc in 1876 at the 
Society of Telegraph Engineers; and in the same year 
Professor Graham Bell used the same form of electro- 
magnet in the receiver of the telephone which he exhib- 
ited at the Centennial Exhibition. But the jacketed 
form is not good for anything except increasing the 
tractive power. Jacketing an electromagnet which 
already possesses a return circuit of iron is an absurdity. 
For this reason the proposal made by one inventor to 
put iron tubes outside the coils of a horseshoe electro- 
magnet is one to be avoided. 

We will take another parados, which equally can be 
explained by the principle of the magnetic circuit. Sup- 
pose yon take an iron tube us an interior core; suppose 
you cut a little piece off the end of it; a mere ring of 
the same size. Take that little piece and lay it down 
on the end. It will be struck with a certain amount of 
pull. It will pull oil easily. Take that same round 
piece of iron, put it on edgewise, where it only touches 
«nB point of the circumference, and it will stick on a 
good deal tighter, because it' is there in a position to 
increase the magnetic flow of the magnetic lines. Con- 
centriiting the flow of magnetic lines over a small enr- 
i of contact increases B at that point and B°, in- 
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tegrated over the lesser area of the contact, giyes a trii 
bigger ])iill than is the case when the edge is toniU 
all ruiiiul against the edge of the tube. 

Here is a still more carious experiment. I usesqi' 
indrical electromagnet set np on end, the core of vtt 
has at the top a flat, circular polar 8ar&ce» aboat t»: 
inches in diameter. I now take a ronnd disc of tin 
iron— ferrotype or tin-plate will answer quite wdl- 
whieh is a little smaller than the polar fiice. What vl 
ha{)])en when this disc is laid down flat and centnDj* 

the polar lace ? Of conrse you fB 
say that it will stick tightly on. H 
it does so, the magnetic lines wbiil 
come in through its under suite 
will pass through it and come oat m 
its upper surface in large qnantitiei 
It is clear that they cannot all, or eyes 
1 1<». n). i.xi»KKiMKNT any considerable proportion of them, 

ciiicr<i:o sidowise through the edges of 
the thin disc, for there is not sub- 
stMiicr ciioni^'li in the disc to carry so many magnetic 
lino. Asa matter of fact the magnetic lines do come 
lliioiii^li the disc and emerge on its upper surface, mak- 
j,i.^ iiidred a magnetic Held over its upper surface that 
i^ iirMiIv MS intense as tlio magnetic field beneath its 
,,,,,|,.r siiiTMce. If the two magnetic fields were exactly 
,,j' (Miial strengilu the disc ought not to be attracted 
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AM) Ikon \Ush. 



Well, what is the fact? The fact, as you 

.,.\\ ih:il ihe current has been turned on, is that the 



' ^ ..|,,,.|Mt(.lv refuses to lie down 



'''^*' * If I linl<l i*' <'<'^^'^^ ^^'^^^^ 



-^'^ ^iie top of the 
it actually 
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itself up and retinires furcn to kuep it down. I 
y finger, and over it flies. It will go anywhere 

in its effort to better the magnetic circnit rather than, 
ie flat on top of the pole. 
Next I invite your attention to some experiments, 

originally due to Von Koike, puhlished in the Aiinnhn 

40 years ago, respecting the distrihution of the maguetie 

lines where tliey emerge from 

^the polar Burface of an electro- 
magnet. I cannot eunmerato 
them all, hut wil! merely ilhia- 
. trata them hy a single sxam- 
ple. Here is a straight electro- 
magnet with a cylindrical, flat- 
ended core {Fig. 41). In what 
way will the magnetic lines he 
diBtributed over it at the end 
Fig. 36 ilhistrates roughly thi 
way in which, when thtre 19 no 
return path of iron, the mag , 
netic lines leak through the 
air. The main leakage is ^^"^ 
through the ends, though there is some at the sides 
also. Kow the tjuestion of the end distnhution we 
shall try by using a small bullet of iron which will 
bo placed at different points from the middle to the 
edge, a spring balance being employed to measure the 
force required to detach it. The pull at the edge ia 
much stronger than at the middle, at least four or five 
times as great. There is a regular incrniiae of pull from 
juiddle to the edge. The magnetic linos, in trying 
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to complete their own circuit, flow most niimerot 
that ;lireciion where they ciin go furthest throngh 
on their journey. Thuy leak out more BlrongljM: 
edges and o»jrriera of u polar BiirfacB. They do iiolS 
out so strongly ut tiio middle of the end surface, otb»' 
wise they would have to go through a larger air 
to get ba(.k home. The iron is conseqaently mores* 
nrated round the edge tl ', the middJe; thereto^ 

with a very small mnguel force, there is a pf* 

disproportion between pul- he middle and thiituL 
the edges. With a very larj lagiietizing force joii ^ 
not get the same disproporw:, , bccatiso if the edgBS 
already far saturated you c lot by applying higlict 
magnetizing power inersase i nnignetizMtion niuct, 
but you can still force more i les through the miiidlf. 
The consequoncB is, if yim plot out the results of a *ot- 
cession of experiments of the pull at different poinu. 
the ciirvoB obtained are, with larger magnetizing forces, 
niure niviriy straight than are those obtained with small 
mugnatixing forces. I have known cases where the pull 
at the t'llge was six or seven times as great as in tlis 
middle witJi a small maguetiKing power, but with larger 
jMiwer not more than two or three times as great, al- 
thongh, of (lourae, the pull all over was greater Yon 
can cJisily observe this distinction by merely puttings 
liolishcd iron ball upon the end of the el eetro magnet, as 
ill Fig. 42. The ball at ouce rolls to the edge and will 
niit st;iy at the middle. If I take a lurger two-pol8 
(■lectromagTiet (like Fig. 11). what will the cnsp now h-»' 
Clearly the shortest path of the magnetic lines thro 
the air is the path just across from the edge of 
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kr surface to tlio edge of the otber between t]ie 

les. Tbe lines are most dense in the region where J 
they arcli over in as short an arcli as possible, and they f 
will be less dense along the 
longer paths, which arch more 
widely over, Theruforp, as 
there is a greater tendency to 
leak from the inner edge of 
one pole to the inner edge of 
the otherj and less tendency 
to leak from the outer edge of 
one to the onter edge of the 
other, the biggest pull ought 
to he on the inner edges of to 
the pole. We will now try it. 
On putting the iron bull anywhere c 
mediately rolls until it stands perpendicularly o 
inner edge. 

The magnetic behavior of little iron, balls is very curi- 
ous. A small round piece of iron does not tend to move 
at all in the moat powerful magnetic field if that mag- 
netic field is uniform. All that a small hall of iron 
tends to do is to move from a jilace where the magnetic 
field is weak to a place where the magnetic field is 
strong. Upon tbat fact depends the construction of 
fleveral important instruments, and also certain pieces 
of electromagnetic mechanism. 

In order to study this qnesiion of leakage, and the 
relation of leakage to pull, still more incisively, I do- 
vised some time ago a small experiment with which a 
■oup of my students at the Technical College have 
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been diliguntly experimenting. Here (Fig. 43) is i 
horseshoe electromagnet. The core is of soft wroiiglit 
iron, wound witli a known uuinber of turns of wire. It 
is proviilfti witli hii urmnture. We have also wound on 
three little exploring eoils, each consisting of five tnrna 
of wire only, one, C, right down at the bottom on the' 
bend; another, li, right round the pole, close up to the 
armature, and a third, J, around the middle of the arma- 
ture. The object of these 
is to aseerttiiti how much 
of the mugnetism which 
was created in the core by 
the magnetizing power of 
these coils ever got into the 
urmHture. If the armature 
is at a considerable distance 
away, there is naturally a 
great deal of leakage. The 
coil C around the bend at 
the bottom ie to oatch all 
the magnetic lines that go 
through the iron; the coil 
5 at the poles is toco tch all that have not leaked outsidB 
before the magnetism has crossed the joint; while the 
coil A, right around the middle of the armature, catches 
ail the lines that actually puss into the armature, and , 
pull at it. We measure by means of the biillistic gal- 
vanometer and these three exploring coils how much 
magnetism gets into the armature at different distances, 
and are able tiius to determine the leakage, and compare 
these amounts with the calculations made, and with the 
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attractions at different distances. The amount of mag- 
netism that gets into the armature does not go by a law 
of inverse squares, I can assure you, but by quite other 
laws. It goes by laws which can only be expressed as 
particular cases of the law of the magnetic circuit. The 
most important element of the calculations, indeed, in 
many cases is the amount of percentage of leakage that 
must be allowed for. Of the magnitude of this matter 
you will get a very good idea by the result of these ex- 
periments following. 

The iron core is 13 millimetres in diameter, and thp 
coil consists of 178 turns. The first swing of the gal- 
vanometer when the current was suddenly turned on or 
off measured the number of magnetic lines thereby sent 
through, or withdrawn from, the exploring coil that is 
at the time joined to the galvanometer. The currents 
used varied from 0.7 of an ampere to 5.7 amp()res. Six 
sets of experiments were made, with the armature at 
different distances. The numerical results are given 
below : 

I.— WITH WEAK CURRENT (0.7 AMPERE). 



In contact 

L a5 f 1 mm 

|£a8J 2mm 

nB'^\ 6mm 

< -^^ llOmm 

Removed 




13.870 
2,103 
1,487 
1,081 
1,014 
675 



14,190 
3,786 
2-,839 
2,028 
1,690 
1,352 
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II.— STRONGER CURRENT (1.7 AMVkSLKB). 



In 



contact . . . . 

1 mm. 

2 mm. 
6mm. 

10 mm. 






isi§1 



Removed. 



18,240 

2.570 

2,866 

1,352 

811 



19,59Q 
8,881 
2,889 
2,299 
1,852 
1,808 



20,288 
5,408 
5,073 
5,949 
8,881 
^041 



III.— STILL STRONGER CURRENT (3.7 AMPERES). 



In contact 

11.2 g J 2mm 
£2*3 9 ) 6mm 
< -^ I 10 mm 
Removed 



20,940 
5,610 
4,597 
2,569 
1,149 



22,280 
7,568 
6,722 
8,245 
2,704 
2,866 



IV.— STRONGEST CURRENT (5.7 AMI^RES). 



22,960 
11,881 
9,802 
7,486 
7,098 
6,427 



In contact 

g Cm o I 2mm 
ti 2 "S S ) 5 mm 
< *^ [lOmm 
Removed 



21,980 
8,110 
5,611 
4,056 
2,029 



28,660 
10,810 
8,464 
6,278 
4,057 
8,681 



24,040 
17,220 
15,886 
12.627 
10,142' 
9,795 



These numbers may be looked upon as a kind of 
numerical statement of the facts roughly depicted in 
Figs. 31 to 34. The numbers themselves, so far as they 
relate to the measurements made (1) in contact, (2) with 
gaps of one millimetre breadth, are plotted out on Fig. 
44, there being three curves. A, B and C, for the meas- 
urements ma,de when the armature was in contact^ and 
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three others, Ai, Si, Ci, made at the one millimetre dis- 
tance. A dotted line gives the plotting of the numbers 
for the coil C, with different currents, when the arma- 
ture was removed. 

On examining the numbers in detail we observe that 
the largest number of magnetic lines forced round tbe 
bend of the iron core, through the coil C, Wiis 24,04U 
(the cross-section being a little over one square centi- 





"^ 








s 


^ 


= 


sa 




J 


f 












^ 




f 










/ 


^ 


fl 




i 




/ 


/ 




--; 


; 


;- 




li 




* 


*" 








s, 



Fio. 44.— Curves of Uionetization pLorrEo ntoii Psecedinq. 

metre), which was when the armuture was in contact. 
When the armature was away the same magnetizing 
power only evolied 9,705 lines. Furtlier, of those 24,- 
040, 23,660 (or 98| per cent.) came up through the polar 
surfaces of contact, and of those iigaiu 3 1,980 (or 92^ per 
cent, of the whole number) passed through the arma- 
ture. There was leakage, then, oven when the armature 
was in contact, but it amounted to only 7i per cent. 
Jlow, when the armature was moved hut one millimetre 
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(i. e., one tWLHitj-tidh of an iocli) away, the presmw* 
the air-gaps h\iA ilii* greut effect, thftt the total 
netic flux wa- iU .irum i-hoked down from :i4,040t«i;- 
220. Of thai iiumhir otily 10,810 (or 61 per caiti' 
reached the polar eurfucco, und only 8,110 (or iT {<! 
cent, of the toul uiimber) succeeded in going throDft' 
the armatun-. Thu leakage in this case was 53;<(| 
cent, ! With a two millim'-f" gap the leakage 
per cent, when the strongesi. rreijt was used. 
68 per cent, with a five milli re gap, and 80 per wn 
with a 10 millimetre gup. i. will further be noticei 
that while a I'lirruut of U.T an ^'re sufficed to send 1!.- 
5UC lines thrmigh the itniiatuL when it was in cootail 
K current eight times as stroLg could only succeedii 
Honding 8,110 lines when the armature was distant bji 
aiij^lo millimetre. 

SiH'li an enormous diminution in the magnetic flm 
iliniiiKh the armature, consequent upon the increasetl 
rclni'tuni'fi and increased luakuge occasioned by the pres- 

" "f the iiir-gapa, proves how great is the reiuctaHce 

olTcmd liy iiir, and how esaentiul it ia to have some prac- 
liriil i'iili>H for calculating reluctances and estimating 
Idiiliiij'iiN to nuide us in designing electromagnets to do 
iii.V Hivi'ii duty. 

'I'liii cHlriilation of magnetic reluctances of definite 
|»ii'|.iiiriN iif II given material are now comparatively 
tinny, mill, tliiiiiks to the formulie of Prof. Forbes, it ia 
iiiiw |HiHHililii in ourtiiin cases to estimate leakages. Of 
Hiiiiii iiiiitliiidH of calciiiatiou an abstract will be given 
III I III' mniiTidix to this lecture. I have, however, foo 
i'urlii'H' iiiliiM, whi(;h were intended to ajd the desigii 
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mo machines, not very coiiTenient for the common 
isea of eloctro mag nets, und have therefore east about 
to discover some more apposite mode of calculation. To 

t ivredetermiiie the probable percentage of leakage one 
.Binst first distinguish between those magnetic linea 
"which go nsefnlly through the armature (jind help to 

lt pnll it) and those which go astray throngh the sur- 
rounding air and are wasted so far as any pull is con- 
cerned. Having set up this distinction, one then needs 
to know the relative magnetic conductance, or p'ermeajice, 
along the path of the nseful lines, and that along the 
innumerable paths of the wasted lines of the stray field. 
For (as every electrician accustomed to the probleraa 
of shunt circuits will recognize) the quantity of lines 
that go respectively along the useful and wasteful paths 
will be directly proportional to the conductances (or 
permeances) along those paths, or will he inversely pro- 
portional to the respective resistances along those paths. 
It is customary in electromagnetic culc illations to em- 
ploy a certain coefficient of allowance for leakage, the 
symbol for which is v, such that when we know the 
number of miiguetio line^ tliat are wanted to go through 
the armature we must allow for V times as many in the 
magnet core. Now, if ti represents permeance along the 
useful path, and w the permeance of nil the waste paths 
along the stray field, the total flux will he to the use- 
ful flux as M -|- w is to M. Hence the coefficient of 
allowance for leakage v is equal to u -f- w divided by w. 
The only real difficulty is to calculate u and w. Tn gen- 
eral M is easily calculated; it is the reciprocal of the 
[iim of ail the maguetio reluctances along the neeful 
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path from pole to pole. In the case of the electromag- 
net used in the experiments last described, the magnetic 
reluctances along the useful path are three in number, 
that of the iron of the armature and those of the two 
air-gaps. The following formula is applicable, 

h , 2/2 



reluctance = 



+ 



if the data are specified in centimetre measure, the suf- 
fixes 1 and 2 relating respectively to the iron and to the 
air. If the data are specified in inch measures the for- 
mula becomes 



reluctance = 0.3132 



) 



I'x , 21 



■A \IH 



+ 



A": 



\ 



But it is not so easy to calculate the reluctance (or its 

reciprocal, the permeance) for the 
waste lines of the stray field, be- 
cause the paths of the magnetic 
lines spread out so extraordinarily 
and bend round in curves from 
pole to pole. 

Fig. 45 gives a very fair repre- 
sentation of the spreading of the 
lines of the stray field that leaks 
across between the two limbs of a 
horseshoe electromagnet made of 
round iron. And for square iron 
the flow is much the same, except 
tliat it is concentrated a little by 
the corners of the metal. Forbes' rules do not help us 
here. We want a new mode of considering the subject. 




Fio. 45.— CuRVKS OP Flow 
OP Magnetic Lines in Air 
FROM One Cylindrical 
Pole to Another. 



II LECTURES ON THE ELECTROMAGNET. 

The problems of fluw, wliether of lient, eleotriiilty or 
of irmguetisnij in B[iare of tliree dimensiouB, are Tjot 
among the most easy of geometrical exereiBeB. How- 
ever, some of them hiiTe been worked out, and mtiy be 
made applicable to our present need. Consider, for 
example, the electrical problem of finding the resistance 
which an indefinitely extended liquid (eay a solution of 
sulphate of copper of given density) offers when acting 
ae a conductor of electric currents flowingacross between 
two indefinitely long parallel cylinders of copper. Fig. 
45 may bo regarded as rejireBenting a transverse section 
of Bach an arrangement, the sweeping curves represent- 
ing lines of flow of current. In a simple case like this 
it is possible to find an accurate expression for the re- 
I Bietance (or of the conductance) of a layer or stratum of 
unit thickness. It depends on the diameters of the 
cylinders, on their distance apart, and on the specific 
conductivity of the medium. It is not by any e 
proportional to the distance between them, being, in 
fact, almost independent of the distance, if that is 
greater than 20 times the perimeter of either cylinder. 
Neither is it even approximately proportional to the 
perimeter of the cylinders except in those cases when 
the shortest distance between them is less than a tenth 
part of the perimeter of either. The resistance, for 
unit length of the cylinders, is, in fact, calculated out 
by the rather complex formula: 



Where 



E = ^-log. nat. h/ 
J. _ " 2a 
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Uio symbol a Btanding for the radius of the cjlicder;! 
for the Nhorteat distance Bepantting them; /i for lit 
perm«ibility, or in tlie electrio caae the sp€icific eonJll^ 
tivitj of the mediuin. 

Now, I happened to notice, as a mutter that grMtlf 
BinipIifieH the calculation, that if we confine our atwn- 
tion to a transverse layer of the medium of given tbick- 
less, the resistance '» 
ween the two bitsofibe 
sylindera in that Imjh 
depends on the ratio <A 
the shortest distance %ef 
iirating them to tkir 
periphery, and is inde- 
pendeiit of the abaolnW 
size of the eystem. If 
yoii have the two cjlin- 
dera aii inch ronud ani 
an iriuh between them, 
then the resistance of the 
„. ,. „ slab of medium fof given 

mirrjNOKa. thickness) m which tbev 

he will be the same a^ if 
thoy were a, foot round and a foot apart. Now that sim- 
Iilifies matters very much, and thanks to my friend arjd 
former chief asaistant. Dr. E, Mullinoux Walmsley, wlio 
devoted himself to this troublesome calculation, I »in 
able to give you, in tabuhir form, the magnetic resist- 
ances within llie limits of proportion that are li" ' " 
occur. 
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ni.— Maonbtio RKi.uor*K{iK OP Air Betwikn Tito PiaiiiKi. 
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! table, unit length of U)-limlBrBl3ttaauuirf(l eenlinialre 
lacli in columns 4 and 5) ; Ibe flow of magaeUu llniH 
I abb of Inflnite exMnt and oF unit thickness. S;m- 
o( fyUiiOer ; 6 = Bhorleit diBtanae between cylindcrB. 
) unit reluetant-e is that of a centimetre cube of air. In 
ana 4 and 5 the unit reluctance ia bo choflen (aa In the rest of tbene tec- 
wherever auch mnaaurea sre ueed) that the rediictktn of ampSre Cama 
sgncW-tnotive force by imiltlplyiug by 1ir + 10 Is avoided. This will 
itbereluutance of the inch cube of air equal to 10 m- 4ii ->- e,£4 ^ O.aiB!, 



Non.--. 
in column 

In colamhs S and 8 ' 



The TiamiierB from coluinna 1 and 3 of the preceding 
table are plotted out graph i(;iilly in Fig. 4(J for more 
convenient reference. As jin example of the use of the 
table we will take the following: 

ExAMPiiR. — Find tlie magnetic reluctance and permeance 
between two parallel iron coree of one inch diameter and 
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nine inches long, the least distance between them beingll I 
ioehes. Here b = 2.378; p = 3.1416; h -t- p = Q.im. 
eDce to the table shows (by interpolation) that the relm- I 
tenre aikd permeance fur unit tliickneiss of slab om; rt^pett- i 
IvelyO.lMSand 15.83(1. For nine incheB thlcknees tbeywi | 
thererore be 0.031 and 48.02 respectively. 

When the permeftbco across between the two limbaia 
thus approximately ciilculuble, "le waste flnx across the 
spitce is estimated by multii ng the permeanue m 
ioimd by the average value of u. i difference of magiietii; 
potential between the two limbb, And this, if the yoke 
which unites the limbs at theij- lower end is of good 
Bolid iron, and if the parallel core's offer little magnetic 
reluutauce as compared with the reluctance of the uae- 
ful piiths, or of that of the stray field, may be simply 
taken as half the ampere turns (or, if centimetre meiis- 
ures are used, multiply by l.aSUU). 

The method here employed in estimating the reluc- 
tance of the waste field is of course only an approsiniii- 
tioiL ; for it assumes thut the leakage takes place oulv in 
the plaues of the slabs considered. As a matter of fuel 
there is always some leakage out of the planes of the 
slabs. The real reluctance is always therefore sonic- 
whut less, and the real permeance somewhat greater, 
than thtit calculated from Table VIII. 

For the electromagnets used in ordinary telegrapli 
instruments the ratio of & to ^u is not usually very dif- 
ferent from nnity, so that for them the permeance across 
from liinb to limb per inch length of core ig not verj 
far froTU 5.U, or nearly twice the permeance of an inc 
cube of ttir. ' 
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I We are now in a position to see the reason for a curi- 
'ons atatoment of Count Du Moneel which for long puz- 
zled me. lie etatee that he found, using distunce apart 
of one millimetre, thut the attraction of u two-pole eleo- 
■tromagnet for its armature was leas when the armature 
waa presented laterally than when it was placed in front 
ol the pole-ends, in the ratio of 19 to 31. He does not 
specify in the passage referred to what was the shape 
of either the armature or the cores. If we assume that 
he was referring to jin electromagnet with cores of the 
Qsual sort — rouuii iron with flat ends, presumably like 
Fig. 11 — then it ia evident that the air-gaps, when the 
(irraature is presented sidewise to the magnet, are really 
greater than when the armature is presented in the 
usual way, owing to the cylindric curvature of the core. 
So, if at equal measured distance the relucttince Jn the 
oircnit is greater, the magnetic flux: will he less and the 
pull less. 

It ought also now to be evident why an armature 
made of iron of a flat rectangular section, though when 
in contact it sticks on tighter edgewise, is at a distance 
attracted more powerfully if presented flatwise. The 
gups, when it is presented flatwise (at an equal least dis- 
tance apart), offer a lesser magnetic reluctance. 

Another ohacure point also becomes explainable, 
namely, the observation by Lenz, Barlow, and others, 
that the greateat amount of magnetism which eonld be 
imparted to long iron bars by a given circulation of 
electric current was (nearly) proportional, not to the 
cross -sectional area of the iron, but to its surface! The 
explanation is this: Their magnetic circuit was a bad 
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nuiBting of a atrniglit rod of iron and of ai 
putli thrrtugli air. Tlietr magnetizing force wi*^ 
in reality expended not so much on driving 
lines through iron (which is reudily perme»blf 
driving the magnetic lines through air (which it^l 
know, much less permeiible), and the reluctaitce 
return paths through the air is — when the 
from one to the other of the exjiosed end parts of 

Imr is groat compared with iUpff 
iphery— very nearly proportionil S 
that periphery, that is to eay, tfl tin 
expoeed snrfate. 

Another opinion on the same li>pi" 
was that of Prof. Muller, who IiihI 
down the law thtit for iron barsol 
equal length, and excitud by tiiii 
Siiino magnetizing power, theamouHt 
of magnetism was proportional M 
.-Vow pei- the square root of the periphery. A 
h'b cnHTis OP vast amount of iiidustrions Hcientifie 
i.r Vakioub effort hua been expended by Dlllii 
rsBs. Ilankel, Von Feilitzsch, and OtheB 

attempt to verify this "law." Not one of these ei- 
jKTi III enters seems to have had the faintest suspicion tbst 
the real thing which determined the amount of mag- 
nii^ic flow was not the iron, but the reluctance of the re- 

■ turn path through air. Von Feilitzach plotted out the 

■ •ccompanying curves (Fig. 47), from which he drew the 
[ ilifiirence that the law of the square ro()t of the peripl 

I'stiiblished. The very stnii^btneas of these pi 
1 that iu no case had the ' '■-come so 
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iqnetized aa to eliow the bend that indicatua upproach- 
,g saturation. Air, not iron, waa offering the main 
.;part of the reaiHtunce to magnetization in the whole of 
l^heee experimenta. I draw from the very same curves 
oonclusiou tliiit the magnetization is not prupor- 
'ilaoiial to the square root of the periphery, but is more 
nearly proportional to the periphery itself; iodeed, the 
angles at which the different curves belonging to the 
diflerent peripheries rise show that the amount of mag- 
netism is very nearly as the surface. Observe here we 
are not dealing with a closed magnetic circuit where 
section comes into account; we are dealing with a bar 
in which the magnetism can only get from one end to 
the other by leaking all round into the air. It, there- 
fore, the reluctance of the air path from one on<! of the 
bar to the other is proportional to the surface, we should 
get some curves veiy like these ; and that is exactly 
what happens. If you have a solid, of a certain given 
geometrical form, standing out in the middle of space, 
the conductance which the epiiee around it {or rather 
the medium filling tliat space) offers to the magnetic 
lines flowing through it, is practically proportional to 
the surface. It is distinctly so for similar geometrical 
solids, when they are relatively small as compared witli 
the distance between them. Electricians kiiow that the 
resistance of the liquid between two small spheres, or 
two small discs of copper immersed in a large bath of 
sulphate of copper, is practically independent of the 
distance between them, provided they are not within 
ten diameters, or so, of one another. In the cuse of a 
bar we may treat the distance between the protrud- 
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ing enits as eiiflicieiitly gre-ut to niuke an approximation 
to thiti Ihw hold good. Von Feilitzach's bars were, how- 
ever, not BO long thiit the average value of the length of 
path from one end aurfiice to the other end sarface, 
along the magnetic lines, was infinitely great as com- 
pared with the periphery. Hence the departure from 
exact [iroportioiiality to the Burface. His Ijars were !l.l 
centimetres long, and the peripheries of the six were 
respectively a4.!), 00.7, 79.3, 6T.6, 54.9 and 43.9 millime- 
tres. 

It 1ms long been a favorite idea witli telegraph en- 
gineers that a long-legged electromagnet in some way 
possessed a greater "projective" power than a short- 
legged one; that, in brief, a long-legged magnet could 
attract an armature at a greater distauce from its poles 
than could a ahort-Iegged one made with iron cores of 
the same section. The rejison is not far to seek. To 
project or drive the magnetic lines across a wide inter- 
vening air-gap requires a large magnetizing force on 
account of the great reluctance, and the great leakiige 
in such cases. And the great magnetizing force eanuot 
be got with short cores, because there is not, with short 
cores, a sufficient length of iron to receive all the turns 
of wire that are in such a case essential. The long leg 
is wanted simply to carry the wire necessary to provide 
the requisite circulation of current. 

We now see how, in designing electromagnets, the 
length of the iron core ia really determined; it must be 
long enough to allow of the winding upon it of the wire 
which, without overheating, will carry the ampere turns 
of exciting current which will suffice to force the requi- 
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ittmber of magnetic lines (allowing for leakage) 
tlie reluctrnices in the ueeful path. We eliall 
k to this matter after we have settled the mode 
lating the quantity of wire that is required. 
teing now in ii position to calculate the additional 
^jagnetizing i>ower required for forcing magnetic hnea 
JKrosa an air-gap, we are prepared to discuss a matter 
^at has been so far neglected, namely, the effect on the 
irelnctance of the magnetic circuit of joints in the iron. 
.Sorseshoe electromagnets are not always made of one 
jjiece of iron bent round. They are often made, like 
T'ig, 11, of two straiglit cores shouldered and screwed, or 
riveted into a yoke. It is a mutter purely for experi- 
ment to determine how far a traiiaverse plane of section 
hcroBS the iron obstructs the flow of magnetic lines. 
Armatures, when in contact with tlie cores, are never 
in perfect contact, otherwise they would cohere witliout 
the application of any magnetizing force; they are only 
io imperfect contact, and the joint offers a considerable 
magnetic reluctance. 

This matter has been examined by Prof. J. J. Thom- 
son and Mr. Newall, in the Cambridge Philosophical 
Society's Proceedinyx, in I881; and recently more fully 
by Prof. Ewing, whose researches are published in the 
PhilampMcal Magazine for September, 1888. Ewing 
not only tried the effect of cutting and of facing up 
with true plane surfaces, but used different magnetizing 
forces, and also applied various external pressures to the 
joint. For our present purpose we need not enter into 
the questions of external pressures, but will summarise 
the results which Ewing found when his bar of wrought 
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iron wart out across by section planes, first into two 
pieces, tlien into four, then into eight. The apparent 
permeability of the bar was reduced at every cut. 

Table IX.—ErrKcr op Joints in Wbouoht Ibon Bar (Not Oomprbsbxd). 



H 



B 



Solid. 



Cut ill i In 
two. ' four. 



Mean tliickness of 
equivalent air> 
space for one 
cut. 



Thickness of iron 
of equivalent 
reluctance pa* 
cut. 



In 
eij^ht. 



' Centi- 
metres. 



4 

15 
30 

70 



T n 



K.5<X) 


0,000 


13.400 


n..v>o 


15,3.-j0 


14,550 


HJ.400 


15,J»50 


17,100 


Itt.KlO 



4,H09 


2,0)0 


8,JW0 


5,5.-i0 


12,040 


O.rtlW 


1.5.000 


13,3«I0 


10,120 


15,!a)0 



0.0036 
0.0090 
0.0020 
0.0013 
O.00O9 



Inches. 


Centi- 
metres. 


Inches. 


0.0014 
0.0012 
0.0008 
0.0005 
0.0004 


4. 

2.53 

1.10 

0.43 

0.22 


1.57 

1.00 

0.433 

0.169 

O.OtK* 



Su])|>0He we are working with the magnetization of 
our iron pushed to about 10,000 lines to the square cen- 
timetre (*. e., about 150 pounds per square inch, trac- 
tion), requiring a magnetizing force of about H = 50; 
then, referring to the table, we see that each joint 
across tlie iron offers as much reluctance as would an 
air-gap 0.0005 of an incli in thickness, or adds as much 
relu(;taiice as if an additional layer of iron about ones 
sixtli of an inch tliick had been added. With small 
magnetizing forces the effect of having a cut across the 
iron witli a good surface on it is about the same as 
thougli you liad introduced a layer of air one six-hun- 
dredth of an inch thick, or as though you had added to 
the iron circuit a])out one inch of extra length. With 
Lirge magnetizing forces, however, this disappears, prob- 
ably bo(;ause of tlie attraction of tlie two surfaces across 
that cut. The stress in the magnetic circuit with high 
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Lwignetic forces rnnning up to 15,000 or 20,000 lines to 
^e square centimetre will of itself put on a pressure of 
USO to 230 pouuds to the square iueh, aud so lliese reaJst- 
I Uioes are considerably reduced; they come down in fact 
Jo about one-twentieth of their initial Vidue. When 
ffiwing specially applied compressing forces, which were 
W large as 6T0 pouuds to the square inch, which would 
of themselves ordinarily, in a continuous piece of iron, 
have diminished the mag- 
netizability, lie found the 
dimiuutiou of the mugnet- 
Uability of iron itself was 
[nearly compensated for by 
;the better eonduotion of 
ithe cut surface. The old 
■ BO rf uce, cut and compressed 
in that way, closes up as 
it were, magnetiually — 
does not act like a cut at 
all; but at the same time 
you losejust as much us you 
.gain, because the iron itself Fm. 4a-Eini'a'aCuR¥»!FoBEFriOT 
becomes less magnetiKubie, "' ""'™' 

The above results of Ewing's are further represented 
by the curves of magnetization drawn in Fig. iS- When 
the faces of a cut were carefully surfaced up to true 
planes, the disadvantngeons effei^t of the cut was re- 
duced considerably, and, under the application of a heavy 
external pressure, almost vanished. 

I have several times referred to experimental results 
obtaiaed in past years, principally by Ge'cm.Ka. wi.4. 
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French workers, buried in obBcurity in the pages of 
foreign seientifie journals. Too often, indeed, the 
acuttered papers of the Oermiin physicists are rendered 
worthless or unintelligible by reason of the omission of 
some of the data of the experiments. They give no 
niea«urenii>ntB perhaps of their currents, or they used 
an uncalibruted gii) v an o meter, or they do not say how 
many windings they were using in their coils; or per- 
haps they give their results in some obsolete phraseol- 
ogy. They are extremely addicted to informing you 
about the " magnetic moments " of their magnets. Kow 
the magnetic moment of an electromagnet is the one 
thing that one never wants to know. Indeed the mag- 
netic moment of a magnet of any kind is a ueelesa piece 
of information, except in the case of bar magnets of 
hard steel that are to be used in the determination of 
the horizontal component of the earth's magnetic force, 
What one does want to know about an electromagnet 
is the number of magnetic lines flowing through its cir- 
cuit, and this the older researches rarely afford the 
means of ascertaining. Nevertheless, there are some 
investigations worthy of study to which time will now 
only permit me very briefly to allude. These are the 
researches of Dub on the effect of thickness of arma- 
tures, and those of Nicklt^s and of Du Moncel on the 
lengths of armatures. Also those of Wickl^s on the 
effect of width between the two limbs of the horseshoe 
electromagnet, 

I can only now describe some experiments of Von 
Peilitzsch upon the vexed question of tubular cores, a 
matter touched by Sturgeon, Pfaff, Joule, Nickles, and 
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later by Du Moncel. To examine the question whether 
the inner part of the iron really helps to carry the mag- 
netism. Von Feilitzsch prepured ii set of thiii iron tubes 
which could slide inside one another. They were 
11 centimetres long, and tlieir peripheries varied from 
6.13 contimetros to 9.7 ceti timet res. They could be 
pushed within a magnetiziug spiral to which either 
small or large currents coiild be applied, and their effect 
in deflecting a magnetic needle was 
noted, and balanced by means of a 
CompeEsating steel magnot, from 
the position of which the forces 
were reckoned and the magnetic 
moments calculated out. As the 
tubes were of equal lengths, the 
magnetization is approximately 
proportional to the magnetic mo- 
ment. The outermost tube was 
first placed in the spiral, and a set 
of observations made ; then the tube 
of next smaller size whs slipped tioh o? tubee 
into it and another set of observations mndi 
a third tube was slipped in until the whole of the 
seven were in use. Owing to the presence of the outer 
tube in all the experiments, the reluctance of the air 
return paths was alike in every case. The curves given 
in Fig. 4!) indicate the results. 

The lowest curve is that corresponding to the use of 
the first tube alone. Its form, bending over and be- 
coming nearly horizontal, indiciites thiit with large 
magnetizing power it became nearly saturated. 
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second curve corresponds to the use of the first tube 
with the second within it. With greater section of iron 
saturation sets in at a later sta^e. Each successive tube 
adds to the capacity for carrying magnetic lines, the 
beginning of saturation being scarcely perceptible, even 
with the highest magnetizing power, when all seven 
tubes were used. All the curves have the same initial 
slope. This indicates that with small magnetizing 
forces, and when even the least quantity of iron was 
present, when the iron was far from saturation, the 
main resistance to magnetization was that of the air 
paths, and it was the same whether the total section of 
iron in use was large or small. 

I must leave till my next lecture the rules relating to 
the. determination of the windings of copper wire on 
the cores. 
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APPENDIX TO LECTUEE 11. 

Calculation of Excitation, Leakage, etc. 

Symbols used. 

N = the whole number of magnetic lines (C.G. S. defini- 
tion of magnetic lines, being one line per square 
centimetre to represent intensity of a magnetic 
field, such that there is one dyne on unit magnetic 
pole) that pass through the magnetic circuit. 
Also called the magnetic flux, 

B = the number of magnetic lines per square centi- 
metre in the iron; also called the induction^ or 
the internal magnetization. 

B^ = the number of magnetic lines per square inch 
in the iron. 

H = the magnetic force or intensity of the magnetic 
field, in terms of the number of magnetic lines 
to the square centimetre that there would be in 
air. 

H^ = the magnetic force, in terms of the number of 
magnetic lines that there would be to the square 
inch, in air. 

[JL = the permeabiliti/ of the iron, etc.; that is its mag- 
netic conductivity or multiplying power for mag- 
netic lines. 

A = area of cross-section, in square centim.^tt^'e), 
II 
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A' = area of cross-section, in square inches. 
I = length, in centimetres. 

V = length, in inches. 

S = number of spirak or turns in the magnetizing 

coil, 
t = electric current, expressed in amperes. 

V = coefficient of allowance for leakage; being the 

ratio of the whole magnetic flux to that part of 
it which is usefully applied. (It is always greater 
than unity.) 

Relations of U7itts, 

1 inch = 2.54 centimetres; 

1 centimetre = 0.3937 inch. 

1 square inch = 6.45 square centimetres; 

1 square centimetre = 0.1550 square inch. 

1 cubic inch = 16.39 cubic centimetres ; 

1 cubic centimetre = 0.0610 cubic inch. 

To calculate the value of B or of B^ from the traction. 

If P denote the pull, and A the area over which it 
is exerted, the following formulae (derived from Max- 
well's law) may be used : 



P kilos. 



B = 4,965 \/_ , 

^ A sq. cm. 

B = l,316.6\/-^i^. 
^ A sq. m. ' 



or 



B, = 8,494\/_^i^. 
* ^ ^ sq. m. 
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To calculate the requisite cross-section of iron for a given 

traction. 

EefereDce to p. 89 will show that it is not expedient 
to attempt to employ tractive forces exceeding 150 
pounds per square inch in magnets whose cores are of 
soft wrought iron, or exceeding 28 pounds per square 
inch in cast iron. Dividing the given load that is to be 
sustained by the electromagnet by one or other of these 
numbers gives the corresponding requisite sectional 
area of wrought or cast iron respectively. 

To calculate the permeability from B or from B^. 

This can only be satisfactorily done by referring to a 
numerical Table (such as Table II. or IV.), or to graphic 
curves, such as Fig. 18, in which are set down the re- 
sult of measurements made on actual samples of iron of 
the quality that is to be used. The values of jj. for the 
two specimens of iron to which Table II. refers may 
be approximately calculated as follows : 

For annealed wrought iron, /i = — —-^-= 5 

-Pnr rr^^ .n.f ^r<^T. 7,000 - B 

Jb or gray cast iron, fj. = — — . 

These formulaB must not be used for the wrought 
fi^on for tractions that are less than 28 pounds per 
^qmire inch, nor for cast iron for tractions less than 2^ 

Duids per square inqh, 
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To calculate the total magnetic fitx which a core Of 
given sectional area can conveniently carry. 

It has been shown that it is not expedient to pneh 
the magtietizatioii of wrought iron beyond 100,000 
lines to the square inch, nor that of Cast iron beyond 
42,000. These are the highest values that ought to be 
asaiimed in designing electromagnets. The total mag- 
netic flus is calculated by multiplying the figure thns 
assumed by the number of Bqiiaro inches of sectional 
area. 



To calculate the magnetiziny power requisite to force a 
given number of magnetic lines through a definite 
magtietic reluctance. 

Mnltiply the number which repreaenta the magnetic 
reluctance by the total number of magnetic lines that 
are to he forced through it. The product will be the 
amount of magneto-motive force. If the miignetic re- 
luctance has been expreescd on the baeis of centimetre 
measurementa, the magneto- motive forccj calculated as 

above, will need to be divided by 1.2566 (i.e., by ,-^) 
to give the number of ampere turns of requisite magnet- 
izing power. If, however, the magnetic reluctance has 
been expressed in tlic units explained below, based 
upon inch measures, the magnetizing power, calculated 
by the rule given above, will already be expressed 
directly in ampere turns, 
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To calculate the magnetic reluctance of an iron core. 

(a.) If dimensions are given in centimetres, — Mag- 
netic reluctance being directly proportional to length, 
and inversely proportional to sectional area and to per- 
meability, the following is the formula: 

Magnetic reluctance = -j— ; 

but the value of ij. cannot be inserted until one knows 
how great B is going to be; when reference to Table II. 
gives !i, 

{b,) If dimensions are given in inches. — In this case 
we can apply a numerical coefficient, which takes into 
account the change of units (2.54), and also, at the 
same time, includes the operation of dividing the mag- 
neto-motive force by ^ of TT ( = 1.2566) to reduce it to 
ampere turns. So the rule becomes 

l" 
Magnetic reluctance = -jjr~ X 0.3132. 

Example. — Find the magnetic reluctance from end to end 
of a bar of wrought iron 10 inches long, with a cross-section 
of 4 square inches, on the supposition that the magnetic 
flux through it will amount to 440,000. 

To calculate the total magnetic reluctance of a mag- 

netic circuit. 

This is done by calculating the magnetic reluctances 
of the separate parts, and adding them together. Ac- 
count must, however, be taken of leakage; for when the 
flux divides, part going through an armature, part 
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throngh a leakugc patb, the law of ehnnts eoinfs in, and 
the Dct reluctance of the joint pathe Is the reciprocal of 
the Huru of their reciprocals. In the eimplest case the 
magiielii; circuit consists of three parte. (I) armatare, 
(2) air in the two gaps, (3) core of the magnet. These 
three reluctanceB may he separately written thus: 



i 


POrCentimelnXeUDR 


For loch 3I«sure. 1 


1. Armature 

2. The gaps 

3. Magnet core... 


■I 

At/la 


-/■- X 0.313« 



If the iron naed in armature and core is of the Game 
quality, and miignetized up to the aame degree of satn- 
mlioii, /'I and ;ia will be alike. For the air-gapa /i ■= 1, 
ami therefore ia not written in. 

If there were no leakage, the total reluctance would 
simply be the sum of these three terms. But when 
there is leakage, the total reluctance is reduced. 



To caleuiale the ampire hirns (if viayiietiiing power 
uinite to force the desired magmtic flux through 

I reluctances of the rnaiinetic circuit. 

r (fl.) If dimensions are ffiiKn in CBtriimetres tYierulii is: 
Ampere turns = the magnetic flux, multiplied hythe 

maguetio reluctance of the circuit, divided by -^ of ir 

(= 1.2666). 



W^ 
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Or, in detail, the three separate amounts of ampere 
turns required for three principal magnetic reluctances 
are explained as follows : 

Ampere turns required to ) I in 

drive N lines through iron >• = M X —j^ 1 , 

of armature ) ^i^^i ^^ 

Ampere turns required to ) 07 4;r 

drive N lines through the >• = N X — ^ ^ Tn» 

two gaps ) ^2 10 

Ampere turns required to ) 7 47r 

drive vH lines through the > =vH X —j^ '- j^, 

iron of magnet core ) ^^^^ ^^ 

And, adding up : 

Total ampere turns '^ { _J^ Jk . _vh_) 
quired = — N "j Ahh '^ A2 '^As/is) 

{b.) If dimensions are given in inches^ the rule is : 
Ampc^re turns = magnetic flux multiplied by the 
magnetic reluctance of the circuit. 
Or, in detail : 

Ampere turns required to ) ^-r 

drive N lines through iron f = N X—rr~ X 0.3132, 
of armature ) ^ lA^i 

Amp6re turns required to ) 27' 

drive N lines through two V = H X --^r- X 0.3132. 
gaps ) 2 

Ampere turns required to ) ^^ 

drive vH lines through iron > = vHx -- p — X 0.3132; 
core of magnet, ) ^8/^2 

And, adding up : 

Total ampere turns re- j Vi , .^ _l. J^ I 

quired = 0.3132N ( 'A\iii "^ A\ "^ A'^i^ \ ' 
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It will be noted that here c, the coefBnient of alloir- 
ance for leakage, lias been introduced. This has to he 
calculated as shown later. In the mean time it may he 
pointed out that, in designing electromagnets for any 
case where v is approximately known beforehand, the 
calculation may he simplified by taking the seetional 
area of the magnet core greater thim that of the arma- 
ture in the eame proportion. For example, if it were 
known that the waste lines that leak were going to he 
equal in number to those that are usefully employed in 
the armature (here v = 2), the iron of the cores migl 
be made of double the section of that of the armatni 
In this case is wilt approximately equal ,"i. 



To calculate the coefficient of allowance for leakage 

V = total magnetic flux generated in magnet core 
useful magnetic flux through armature. The respective 
useful and waste magnetic fluxes are proportional to the 
permeances along their respective paths. Permeance, 
or magnetic conductance, is the reciprocal of the re- 
lurinnce, or magnetic resistance. Call useful permeance 
through armature and gaps ;;; and the waste permeanofltj 
in the stray field tv; then 

_ ft -f w 



w may be estimated by the Table VIII. or other leaki 
rules, but should he divided by 3 as the average c 
ence of magnetic poten t iiil over the leakage surface is o; 
about half that at the ends of the poles. 



1 
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Rules for Estimating Magnetic Leakage. 

(I. to in. adapted from Prof. Forbes' rulea,) 

Prop. L Permeance between two parallel areas facing 
one another. — Let areas be J/ and Az" square inches, 
and distance apart d' inches, then : 

Permeance = 3.193 xi {A\ + A' 2) -^ d\ 

Prop. II. Permeance between t too equal adjacent red- 
angular areas ^V^'^^Q ^'^ one plane. — Assuming lines of 
flow to be semicircles, and that distances d\ and d^ 
between their nearest an^ furthest edges respectively 
are given, also a" their width along the parallel edge: 

d " 
Permeance = 2.274 X a" x logio-^-^-. 

Prop. TIT. Permeance between two equal parallel rect- 
angular areas lying in 07ie plane at some distance ajmrt. 
— Assume lines of leakage to be quadrants joined by 
straight lines. 

Permeance = 2.2T4 X a' X logio | 1 + 1^-^^^^ | 

Prop. IV. Permeance beticeen two equal areas at 
right angles to one another. 

Permeance (if air angle is 90°) = double the respect- 
ive value calculated by II. or III. 

Permeance (if air angle is 270°) = two-thirds times 
the respective value calculated by II. 



*--:£CTUR£S ON THE ELECTROMAGNET. 169 

^s FOR Estimating Magnetic Leakage. 

to III. adapted from Prof. Forbes* rule^ - 

- Z Permeance between two parallel areas f (icing 
ther. — Let areas be Ai" and A2'' square inches, 
t:ance apart d" inches, then : 

E^ermeance = 3.193 x i {A\ + ^%) -f- d". 

>. 11, Permeance between two equal adjacent rect- 
r areas lying i7i one plane, — Assuming lines of 
be semicircles, and that distances d\ and c?% 
n their nearest an^ jEurthest edges respectively 
en, also a" their width along the parallel edge: 

d " 

Permeance = 2.274 X a" X logio ^ 



'd. 



n ' 



D. TIL Permeance between two equal parallel rect- 
ir areas lying in one plane at some distance apart, 
ime lines of leakage to be quadrants joined by 
it lines. 

leance = 2.274 x «^ X logio { 1 + ""^^'^-^''"^ J 



0, IV, Permeance betiveen two equal areas at 
ingles to one another, 

neance (if air angle is 90°) = double the respect- 
ue calculated by II. or III. 

neance (if air angle is 270"") = two-thirds times 
ipective value calculated by II. 
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If measures are given in centimetres these rules be- 
come the following : 



m.±,og.(ixl<^'). 



Prop. V. Permeance between two parallel cylinders of 
indefi7i%te length. 

The formula for the reluctance is given above: the 
permeance is the reciprocal of it. Calculations are sim- 
plified by reference to Table VIIL 
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LECTURE in. 



SPECIAL DESIGNS. 

In continuation ot my lecture of last week I haTe to 
make a few remarks before entering npou the consider- 
ation of special forms of magnets which was to form the 
entire topic of to-night's lecture. I hud not quite fin- 
ished the experimental results which related to the per- 
formance of magnets under various conditions. I had 
already pointed out that where you require a magnet 
simply for holding on to its armature common sense (in 
the form of our simplest formula) dictated that the cir- 
cuit of iron should be as short as was compatible with 
getting the required amount of winding upon it. That 
at once brings us to the question of the difference in 
performance of long magnets and short ones. Last week 
we treated that topic so far as this, that if you require 
your magnet to attract over any range across an air 
apace you require a sufficient amount of exciting power 
in the circulation of electric current to force the mag- 
netic lines across that resistance, and therefore you re- 
quire length of core in order to get the required coil 
, wound upon the magnetic circuit. But there is one 
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other way in which the dlEEerence of behavior betwee 
long and short nmgnets — I am speakiug of horseshoe 
shupGB — coinQB into play. So far back as 1840, Ritchie 
found it waa more difliealt to magnetize steel magnets 
(using for that purpose electromagnets to stroke them 
with) if those electromagnets were short than if they 
were long. He was of course comparing magnets whicli 
had the same tractive power, that is to say, presumably 
had the same section of iron magnetized up to the same 
degree of magnetization. This difference between long 
and short cores is obviously to be explained on the same 
principle as the greater projecting power of the long- 
legged magnets. In order to force magnetism not only 
through an iron arch, but through whatever is beyond, 
which has a lesser permeability for magnetism, whether 
it be an air-gap or an arch of hard steel destined to re- 
tain some of its magnetism, you require magneto -motive 
force enough to drive the magnetism through that re- 
sisting medium ; and, therefore, you must have turns of 
wire. That implies that you must have length of leg 
on which to wind those turns. Hitchie also found that 
the amount of magnetism remaining behind in the soft 
iron arch, after turning off the current at the first re- 
moval of the armature, was a little greater with long 
than with short magnets; and, indeed, it is what we 
should expect now, knowing the properties of iron, that 
long pieces, however soft, retain a little more — have a 
little more memory, as it were, of having been magnet- 
ized — than short pieces. Later on I shall have specially 
to draw your attention to the beliavior of short pieces of 
'T^u wbicli have no magnetic memory. 
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WINDINH OF THE COrPEB. 

Bbov take np the question of windmg the copper 
\ npon the electromiignet. How are we to determine 
reliand the amount of wire required aiid the proper 
s of wire to employ ? 
le first stiige of such a determinution is already iic- 
somplished; we are airetidy in possession of the formulas 
ior reckoning out the number of ampere turns of es- 
citotion required in any given case. It remains to show 
how from this to calculate the amount of bobhin space, 
and the quantity of wire to fill it. Bear in mind that a 
current of 10 ampt^res {l. e., as strong as that used for a, 
big arc light) flowing once around the iron produces 
exactly the same effect magnetically as a current of one 
ampfire flowing around ten times, or us a cnrrent of 
only one-hundredth part of an ampere flowing around 
a thousand times. In telegraphic work the currents 
ordinarily used in the lines are quite small, usually 
from five to twenty thoUBnudtha of an ampi^re; hence 
in such cases the wire that is wound on need only be a 
thin one, but it must have a great many turns. Be- 
cause it is thin and has a great many turns, and is con- 
sequently a long wire, it will offer a considerable resist- 
ance. That is no advantage, but does not necessarily 
imply any greater waste of energy than if a thicker coil 
of fewer turns were used with a correspondingly larger 
current. Consider a very simple Ciise. Suppose a bob- 
bin is already filled with a certain number of turns of 
wire, say 100, of a size large enough to rjirry one ampere, 
■without overheating. It will offer a cetUuw Tia&SsXKaae^ 
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will waste a certain amonut of the energy of thil 

tiiid it will liave a certuin miignotizing 
'ow suppose this bobbin to bo rewound with a 
f the diameter; what will the result be 
wire is hulf the diameter it will havo one-qiiai 
sectiotial urea, und the bobbin wiU hold four tii 
many turns (assuming insulatiug materials to 
the SHme percentage of the avaihihlo volume), 
-mt which such a wire will carry will be one-fonrttm 
great The coil will offer sisteen times as much rwi* 
ance, being four times as long and of one-fourtb tk 
cross-section of the other wire. But the waste of enifl0 
■will ho the same, being proportional to the reaiatfflct' 
and to the scjuare of the current: for 16 x A''' 
Consefj^uently the heating effect will be the same, i!^ 
the magnetizing power will be the same, for thocflitlw 
current is only one-quarter of an ampt-re, it Am 
around 400 turns ; the amp<!'re turns are 100, the esm! 
as before. The same argument would hold good «iA 
any other numerical instance that might be giTeD. It 
therefore does not mutter in the leaat to the masne''" 
behavior of the electromagnet whether it is wound wi^i 
thick wire or thin wire, provided the thickness ol 
wire corresponda to the current it has to carry, Bo'j 
the same number of watts of power are spent in hi 
it. For a coil wound on a bobbin of given Tolui 
magnetizing power is the same for the same heat 
But the heat waste increases in a greater ratio thi 
magnetizing power, if the current in a given coil 
orettsed; for the heat ia proportional to the aqoi 
t, and the magnetizing power is 
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portional to the current. Hence it is the heating effect 
which in reality determines the wiiifJing of the wire. 
We niu3D— asaumiiig that the current will have a certain 
strength — iiJlow enough volume to admit of our getting 
the requisite numbfr of anjp^re turns without over- 
Jieating, A good way i& to assume a current of one 
amptlre while one calculates out the coi!, Tlaving done i 
this, the same volume holds good for any other gauge 
of wire appropriate to any other current. The terms 
"long coil" magnet and "short coil" magnet are f 
propriate for those electro tnitgnets which have, 
Bpectively, many turns of thin wire and few turns 
'of thick wire. These terms are preferable to "high , 
resistance" and "low resistance," sometimes used to 
designate the two classes of windings; heciiiise, as I ' 
have just shown, the resistance of a coil has in itself 
nothing to do with its magnetizing power. Given the 
volume occupied by the copper, then for any current 
density (say, for example, a current density of 2,000 
amperes per square inch of cross-section of the copper), 
the magnetizing power of the coil will be the same for 
all different gauges of wire. The Bpeciflc conductivity 
of the copper itself is of importance; for the better the 
conductivity the less the heat waste per cubic inch of 
winding. High conductivity copper is therefore to he 
preferred in every case. 

Now the heat which is thus generated by the current 
of electricity raises the temperature of the coil (and of 
the core), and it begins to emit heat from its surface. 
It may be taken as a sufficient approximation that a 
single square inch of surfuce, warmed one de^tim ?■«;£«, 
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above the surrounding iiir, wilt steadily emit heat at f] 
rate of j^ of a watt. Or, if there is provided only 
enough surface to allow of a steady emission of heat at 
the rate of one watt ' per square inch of surface, the 
temperature of that surface will rise to about 225 de- 
grees Fuhr. above the temperature of the surrounding 
air. This number is determined by the average emis- 
sivity of such substances as cotton, silk, varniah, and 
other materials of which the surfaces of coils are usu- 
ally composed. 

In the specifications for dynamo machines it is usual 
to lay down a condition that the coils shall not heat 
more than a certain uurabor of degrees warmer than the 
air. With electromagnets it is a safe rule to say that 
no el et'tro magnet "ought ever to heJit up to a tempera- 
ture more than 100 degrees Fahr. above the surrounding 
air. In many cases it is quite safe to e^cceed this limit. 

The resistance of the insulated copper wire on a bob- 
bin may be approximately calculated by the following 
rule. IE (i is the diameter of the naked wire, in mils, 
and D is the diameter, in mils, of the wire when covered, ^ 
then the resistance per cubic inch of the coil will bo: 
960,700 



Ohms per cubic inch = 



D^Xd^ 



' The uiatt la tliu unit of rale of expenditure of ene^Ef , and is equal to 
tea mliUoner)^ perseconci. or to l-74fltlLof ahoreepover. A uuneut of one 
ampere, flowing througli a reBiBtance of one obm. spends enei^ io heatlns 
attliersteaf one nate. One watt ia equivalent toO.ai cnlories, per Beirond. 
of hesit. That la to aa^, the heat developed in one Becuod, by expenditure of 
energjratthentlBof one watt, would suffice to warm one cranime of waler 
ilirough 0.21 (Centigrade) deijreo- Aa B52 calories are enual to one British 
(pound Fahr.) unit of beat, It follows that heat emitted at the rate of one 
V att would suffice to warm 3.4 pounds of water one degree Fahr. in one bour ; 
IV ^rltlBh unit of beat equals t ,OGS watt seconds. 
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We ar« therefore able to construct a wire gauge and 
amp^reage table which will enable us to calculate readily 
the degree to which a given coil will warm when tra- 
versed by a given current, or conversely what volume of 
coil will be needed to provide the requisite circulation 
of current without warming beyond any prescribed ex- 
cess. 

Accordingly, I here give a wire-gauge and ampereage 
table which we have been using for some time at the 
Finsbury Technical College. It was calculated out 
under my instructions by one. of the demonstrators of 
the college, Mr. Eustace Thomas, to whom I am in- 
debted for the great care bestowed upon the calculations. 

For many purposes, such as for use in telegraplis and 
electric bells, smaller wires than any of those mentioned 
in the table are required. The table is, in fact, intended 
for use in calculating m.ignets in larger engineering 
work. 

A rough-and-ready rule sometimes given for the size 
of wire is to allow yoVo square inch per ampere. This 
is an absurd rule, however, as the figures in the table 
show. Under the heading 1,000 amperes to square inch, 
it appears that if a Xo. 18 S. W. G. wire is used it will 
at that rate carry 1.81 amperes; that if there is only 
one layer of wire, it will only warm up 4.G4 degrees 
Fahr., consequently one might wind layer after layer to 
a depth of 3.3 inches, without getting up to the limit of 
allowing one square inch per watt for the emission of 
heat. In very few cases does one want to wind a coil so 
thick as 3.3 inches. For very few electromagnets is it 
needful that the layer of coil exceed Taa\l ^u \\iOvx\s\. 

J2 
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thickness; and if tliu lnjer in going to he only half an 
inch tbiek, or about one-seventh of the 3.3, one niiiy 
use a current donsity V? times as great as 1,000 am- 
peres per square inch, without exceeding tlie limit of 
safe working. Indeed, with coils only hiilf an iiieli 
thick, one may safely employ a cnrrent density of 3,000 
umpires per sqiiare inch, owing to the assifltance which 
the core gives for the dissipation and emission of heat. 
Suppose, then, we have designed a horseshoe magnet, 
with a core one inch in diameter, and that, after con- 
sidering the work it has to do, it is found that a mag- 
netizing power of 2,400 tnriis is required; suppose, also. 
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luBTked AalgDify Dumber of ampins that the wire 

marked F aigiilfy Dumiior of degrem (Fahrvnbelt) 
rfii up it ther« ia oiily one layer of wire, and on tlie 
lent Is radiated Dalyfroin the out«r surface of tlie 

by therollQwJbginodlHcation of Foi'bes" rule : 
IFahreubelt deff.J = 93G xNo. of wattaloBtperaq. Inch, 
= ise X sectionnl area X number of 



per sq. inch). 

Figures In colunuiB marked D are the depth In Inches to which iHra ma 
be wound If one watt be lort hy each aquare inch of rartiatlnji Hur&ce, tfc 
outride radial ln{[ surface of thelwbbla lieing only oonsldered. 

Rule for calcnlBtlng a 7-strand uahle ; Diam. of cable = I.13J x dlam. of 
cqulraleut muud wire. 

Flares under heading "Turns to one linear Inch" 
cotton CDYEted wires of avemge tliielniessea of ooverlngs need for the dif- 
ferent itauECS, vlt,, 14 mils addilloani diameter on round wires (from No. 8 
And SO mils on fllrbuiled or square wire. 

Flsures umler heading "Turns per square inch" are calculaMd froi 
finfci^dlng, allowing 10 per cent, for bedding of layers. 

Re^tancB (ohms) of miil ot Mipper wire, ocuuiiylng « cubic inches of eu 
apace, and of which the gauge Is d nilla uncovered, and D rnila covered, ina 
be approximately caloulated by the rule: 
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that it is laid down as a condition that the coil 
must not warm up more than 50 degrees Fahr. above 
the surrounding air — what volume of coil will be re- 
quired ? Assume, first, that the current will be one 
ampere; then there will have to be 2,400 turns of a 
wire which will carry one ampere. If we took a No. 
20 S. W. G. wire and wound it to the depth of half an 
inch, that would give 220 turns per inch length of coil; 
so that a coil 11 inches long and a little over half an 
inch deep (or ten layers deep) would give 2,400 turns. 
Now Table X. shows that if this wire were to carry 
1.018 amperes it would heat up 225 degrees Fahr. if 
wound to a depth of 'S.9 inches. If wound to half an 
inch, it would therefore heat up about 30 degrees Fahr.; 
and with only one ampere would, of course, heat less. 
This is too good; try the next thinner wire. No. 22 S. 
W. G. wire at 2,000 amperes to the square inch will 
carry 1.23 amperes, and heats 225 degrees if wound up 
1.13 inches. If it is only to heat 50 degrees, it must 
not be wound more than one-fourth inch deep; but if 
it only carries current of one ampere it may be wound 
a little deeper — say to 14 layers. There will then be 
wanted a coil about seven inches long to hold the 2,400 
turns. The wire will occupy about 3.85 square inches 
of total cross-section, and the volume of the space oc- 
cupied by the winding will be 26.95 cubic inches. Two 
bobbins, each 3^ inches long and .65 deep, to allow for 
14 layers, will be suitable to receive the coils. 

By the light of the knowledge one possesses as to the 

relation between emissivity of surface, rate of heating 

't, and limiting temperatures, it is seen bow 
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"i^fctle justification there is for such empirical rules as 
=^1^.at which is often given, namely, to make the depth 
^:>f coil equal to the diameter of the iron core. Consider 
"tliis in relation to the following fact ; that in all those 
^^ases where leakage is negligible the number of amp^re- 
"^nrns that will magnetize up a thin core to any pre- 
scribed degree of magnetization will magnetize up a 
core of any section whatever, and of the same length, to 
the same degree of magnetization. A rule that would 
increase the depth of copper proportionately to the 
diameter of ""Jie iron core is absurd. 

Where less accurate approximations are all that is 
needed, more simple rules can be given. Here are two 
cases : 

Case 1. Leakage assumed to he negligible. — Assume 
B = 16,000, then H = 50 (see Table III.). Hence the 
ampere turns per centimetre of iron will have to be 40, 
or per inch of iron 102; for H is equal to 1.2566 times 
the ampere turns per centimetre. Now, if the winding 
is not going to exceed one-half inch in depth, we may 
allow 4,000 amperes per square inch without serious 
overheating. And the 4,000 ampere turns will require 
2-inch length of coil, or each inch of coil carries 2,000 
ampere turns without overheating. Hence each inch 
of coil one-half inch deep will suffice to magnetize up 
;^0 inches length of iron to the prescribed degree. 

Case 2. Leakage assicmed to he 50 per ce7it. — Assume 
B in air-gap = H = 8,000, then to force this across re- 
quires ampere turns 6,400 per centimetre of air, or 16,- 
' 260 per inch of air. Now, if winding is not going to 
exceed one-half inch depth, each inch length of coil ^(vlV 
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carry 2,000 amiiore tu. Hence, eight inches 

of coil oue-quarter inch deep will be reqnirod l 
inch length of uir, magnetized np to the preecril 

gree. 

WINDINGS FOR CONSTANT PREaSURE AND F 
CONSTANT CURRENT. 

In winding coils for magnets that aro to be t 
any electric light system, it should be carefnlly 
in mind that there are separate rules to be coni 
according to the nature of the supply. If the ( 
supply is at coiixtant pressvre, as usual for glow 
the winding of coils of electromagnets follows th 
rule as the coils of voltmeters. If the supply : 
constant current, as usual for arc lighting in serie 
the coils must be wound with due regard to the c 
which the wire will carry, when lying in layers ol 
ble thickness, the number of turns being in this c 
same whether thin or thick wire is used. 

If we assume tliat a safe limit of temperatun 
degrees Fahr. higher than the surrounding air,tb 
largest current which may be used with a given e 
magnet is expredsed by the formula: 

Highest permissible amperes = 0.63 V — 

where s is the number of square inches of sur: 
the coils and r their resistjince in ohms. 

Similarly for coils to be used as shunts we bavt 
permissible volts = 0.G3 V**" 
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The magnetizing power of & coil, supplied at a given 
number of volte of pressure, is independent of its length, 
and depends only on its gauge, but the longer the wire 
the less will be the heat waste. On the contrary, when 
the condition of supply is with a constant number of 
amperes of current, the magnetizing power of a coil is 
independent of the gauge of the wire, and depends only 
on its length ; but the larger the giiuge the less will be 
the heat waste. 

MISCELLANEOUS RULES ABOUT WTN"DING. 

To reach the same limiting temperature with bobbins 
of equal size, wound with wires of different gauge, the 
cross-section of the wire must vary with the current it 
is to carry; or, in other words, the current density 
(amperes per scpiaro inch) must be the same in each. 
Table X. shows the ampcreagea of the Tariona sizes of 
■wires at four different values of current density. 

To raise to the same temperature two similarly shaped 
colls, differing in size only, and having the gauges of 
the wires in the same ratio (so that there are the same 
number of turns on the krge coil as on the small one), 
the currents must bo proportional to the square roots of 
the cubes of the linear dimensions. 

Sir William Thomson has given a useful rule for cal- 
culating windings of electromagnets of the same type 
but of different sizes. Similar iron cores, similarly 
I wound with lengths of wire proportional to the squares 
I of their linear dimensions, will, when excited with equal 
I currents, produce equal intensities of magnetic fit^ld at 
\ points similarly situated with respect to them. 
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Simiiar electromagnets of differeEt sizea most have 
ampere turns proportionaJ to their linear dimensions if 
they are to be magnetized up to an eqnal degree of sat- 
uration. 

It is curions what erroneous notions crop np from 
time to time about winding electromagnets. In I8<)9 
a certain Mr. Lyttle took out a patent for winding the 
coils in the following way: Wind the first layer as 
nsnnl, then bring the wire back to the end where the 
winding began and wind a second layer, and eo on. In 
this way all the windings will be right-handed, or else 
all left-handed, not alternately right and left as in the 
ordinary winding. Lyttle declared that this method of 
winding a coil gave more powerful etfents; bo did M, 
Briaaon, who reinvented the same mode of winding in 
1873, and solemnly described it. Its alleged snperiority 
was at once disproved by Mr. W. H. Preece, who 
found the only difference to be that there was more 
difficulty in carrying out this mode of winding. 

Another popular error ia that electromagnets in which 
the wires are badly iiisuliited are more powerful than 
those in which they are well insulated. This arises 
from the ignorant use of electromagnets having long, 
thin coils {of high resistance) with batteries consisting 
of a few cells (of low electromotive force). In such 
cases, if some of the coils are short circuited, more cur- 
rent flows, and the magnetizing power may be greater. 
But tbo scientific cure is either to rewind the magnet 
with an appropri:ite coil of thick wire, or else to apply 
another battery liaving an electromotive force that is 
greater. 
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SPECIFIC ATIONH OE ELECTROMAflNETS. 

One frequently oomes acroBH apecifioationa for con- 
struction which prescribe that an electron! agn at shall be 
wound so that its coll shall have a certuin resistiince. 
This Ib an absurdity. Kesistance does not help to mag- 
netize the core, A better way of prescribing the wind- 
ing is to name thu atnp6re turns and the temperature 
I limit of heating. Another way is to prescribe the num- 
ber of watts of energy which the magnet is to take. 
!i Indeed, it would be well if electricians could agree upon 
JBome sort of figure of merit by which to compare elec- 
i tromftgnots, which should take into acconut the magnetic 
I output^!, e., the product of magnetic fiiix into mrigneto- 
inotive force — the consumption of energy in Wiitts, the 
' temperature rise, and the like. 



In dealing with this question of winding copper on a 
magnet core, I cannot desist from referring to that rule 
which is BO often given, which I often wish might dis- 
appear from our test-books— the rule which tella you in 
effect that you are to waste 50 per cent, of the energy 
you employ. I refer to the rule which states that you 
will get the maximum effect out of an electromagnet if 
you so wind it that the resistance is equal to the resists 
oncR of the battery yon employ; or that if you have a 
magnet of a given resistance you ought to employ a 
, battery of the same resistance. What is the me:tning of 
||_^iB rule ? It is a rule which is absolutely m.«aQ.v^^%ut.i 
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the first cHBe tbe volume of the coil is pre- 
scribed ODoe for all, and you cannot alter it; or unloEs 
once for all the number of battery elements that you 
can have is preecribed. If you have to deal with a fixed 
number of battery elements, and you liiive to get out 
of them the biggest effect in your external circuit, and 
cannot beg, buy, or borrow any more cells, it is per- 
fectly true that, for steady currents, you ought to group 
them 80 that their internal resistance is equal to the 
external resistance that they have to work through; and 
then, as a matter of fact, baif the energy of the battery 
will be wasted, but the output will be a maximum. Kow 
that is a very nice rule indeed for amafceura, because an 
amateur generally starts with the notion that he does 
not want to economize in his rate of working; it does 
not matter whether the battery is working away furi- 
ously, heating itself, <ind wasting a lot of power; all he 
wants is to have the biggest possible effect for a little 
time out of the fewest cells It is purely an amateur's 
rule, therefore, about equating the resistance inside to 
the resiBtanco outside But it is absolutely fallacious to 
set up any such rule for serious working; and not only 
fallacious, but absolutelj untrue if you are going to deal 
with cnrreiite that are going to be turned off and on 
quickly. For any apparatna like an electric bell, or 
rapid telegraph, or induction coil, or any of those 
things where the current is going to vary up and down 
rapidly, it is a false rule, as we shall see presently. 
What is the real point of view from which one ought to 
start ? I am often aaked questions by, shall I say, ama- 
teurs, as well as by those who are not amateurs, about 
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Iprescribing the buttery for a given electromagnet, or 
prescribing an electromagnet for it given buttery. Again, 
^am often told of cikses of failure, in wbich a very little 
icommon aenae rightly directed might have made a auc- 
ONB. What one ought to think about in every case is 
not the battery, not the electromagnet, but the Hue. 
If you have a line, then you must have a battery and 
electromagnet to correspond. If the lino is short and 
thiclf, a few feet of good copper wire, yon shonld have 
ehort, thick battery, a few hig cells or one big cell, and 
short, thick coil on your electromagnet. If you have 
a long, thin line, miles of it, say, you want a long, thin 
battery (small cells, and a long row of them) and a long, 
thin coil. That is then our rule : for a short, thick line, 
a short, thick battery and a short, thick coil; for a long, 
thin line, a long, thin battery and electromagnet coila 
to match. You smile; but it is a really good rule that 
I ajn giving you; vastly better than the worn-out ama- 
teur rule. 

But, after all, my rule does not settle the whole ques- 
tion, because there is something more than the whole 
reaifltanca of the 'circuit to be taken into account. 
Whenever you come to rapidly acting apparatus, you 
have to think of the fact that the current, while vary- 
ing, ia governed not so much by the resistance as by 
the inertia of the circuit — its electromagnetic inertia. 
As this is a matter which will claim our especial atten- 
tion hereafter, I will leave battery rules for the present 
and proceed with the question of design. 
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FORMS OF ELECTROMAGNETS. 

This at once leads us to consider the classification of 
forms of magnets. I do not pretend to have found a 
complete classification. There is a very singular book 
written by Monsieur Nickles, in which he classifies under 
37 different heads all conceivable kinds of magnets, 
bidromio, tridromic, monocnemic, multidromic, and I 
do not know how many n.ore; but tlie classification is 
both unmeaning and unmanageable. For my present 
purpose I will simply pick out those which come under 
three or four heads, and deal separately with others that 
do not quite fit under any of the four categories. 

Bar Electromaf/Nets, — In the first place there are those 
which have a straiglit core, of which there are several 
specimens on the table here. 

HorscHlioG Elect ram (Kjiiets, — Then there are the horse- 
shoes, of which some are of one piece, bent, and others 
here of the more frequent shape, made of three pieces. 

Iron-clnd ElectromaijneU, — Then from the horseshoes 
I go to those magnets in which the return circuit of the 
iron comes back outside the coil from one end or the 
other, or from both ends, sometimes in the form of an 
external tube or jacket, sometimes merely with a parallel 
return yoke, or two i)arallel return yokes. All such 
magnets I propose to call — following the fashion that 
has been adopted for dynamos — iron-clad electromagnets. 
One of them, the jacketed electromagnet, is shown in 
Fig. 12, and there are others not so well known. There 
is one used by Mr. Cromwell Varley, in which a straight 
magnet is placed between a couple of iron caps^ which 
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fit over the ends, and virtually bring the polos down 
close together, tho circular rim of one cup being the 
north pole and thiit of the other wip being the aonth 
pole, the two rims being close togetlier, Thiit plan, of 
coarse, produces a great tendency to leitli across from 
one rim to the other all ronnd. The advantages, as 
well as the disadvantages, of the jacketed magnet I 
alluded to in my last lecture, when I poiutcd out to yon 
that for all action at a dietancti it is far better not to 
have an iron-clad return 
path, whereas for action in 
contact the iron-clad magnet 
was distinctly a very good 
form. In one form of iron- 
clad magnet tho end of the I -i 
straight ceTitral core is fixed 

to the middle of a bar of ^—^ _:._:_' 

iron, the ends of whicli iirc fiu- '*'■ C'Li-B-F^Hrrao electro- 
bent up and brought flush 

with the top of the bobbin, making thus a tripohir 
magnet, with one pole between the other two. The 
armature in this form is a bar which lies right across 
the three poles. There is an example of this excellent 
kind of electromagnet applied in one of the forms of 
electric bell indicator made by Messrs. Gent, of Leicester. 
Then besides these three main classes^tho straight 
bar, the horseshoe, and the iron-clad^there is ajiother 
form which is so useful and so commonly employed in 
certain work that it deserves to have ii name of its own. 
It is that called by Count Du Moncel Uietnmiin/, hoiteux, 
or club-footed magnet (Fig. 50). It is a horseshoe, ia 
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fact, with a coil upon oner pole and no coil vpal 
other. The advantage of that constmotion is m 
suppose, that yoa will save labor — you will only 
wind the wire on one pole instead of twa 
that is an improvement in any other sense is a 
for experiment to determine, but on which tbeoi;] 
haps might now be able to say something. Oonfcl 
Moncel, who made many experiments on this fomi 
magnet, ascertained that there was for an equal 
of copper a slight falling off in power with the 
footed magnet. Indeed, one might almost piediet^i 
a given weight of copper, if you wound all in miei 
only, you will not make as many turns as if yon 
it in two, the outer turns on the coil being bo nsl] 
larger than tlie average turn when wound in two oA 
Consequently the number of ampere turns with agiw' 
weight of coj)per would be rather smaller^ and you wonH 
require more current to bring the magnetizing pofff 
up to the same vahie as with the two coils. At thesaiM 
time the one coil may be produced a little more cheaplj 
than the two; and indeed such electromagnets are real^ 
quite common, being largely used for the sake of cheap- 
ness and compactness in indicators or electric bells. 

Du Moncel tried various experiments about this form 
to find wliether it acted better when the armature vtf 
pivoted over one pole or over the other, and foufld it 
worked best when the armature was actually hinged on 
to tliat pole which comes up through the coil. He made 
two experiments, trying coils on one or the other limb, 
the armature being in each case set at an equal distance. 
In one experiment he found the pull was 35 grammeS) 
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^HV'Biii armatnre iiiiiged on to the idle jjole, and AO 
P^ mtames when it waa hinged on to the pole which cur- 
l^ed the cotL 

L Another form of electromagnet, having but one coil, 
^ IB nsed in the electric bolls of chnreh-bell pattern, of 
f Hrhieh Mr. II. Jensen its the designer. In Jensen's elec- 
tromagnet a straight cylindrical core receives the bob- 
bin for the coil, and, after this has been pushed into its 
'.place, two ovate pole-pieces are screwed upon its ends, 
serving thus to bring the magnetic circuit across the 
ands of the bobbin, and forming a magnetic gap along 
the aide of the bobbin. The armature is a rectangular 
Btrip of soft iron, about the same length as the core, and 
IB attracted at one end by one polo-piece and at the 
«ther end by the other. 

EFFECT OP eiZB OF COILS, 

Seeing that the magnetizing power which a coil es- 
( erta on the magnetic circuit which it surrounds is sim- 
I ply proportional to the ampere turns, it follows that 

■ those turns which lie on the outside layers of the coil, 

■ though they are further away from the iron core, pos- 
eesa precisely equal magnetizing power. This is strictly 
true for all closed magnetic eironitB; hot in those open 
magnetic circuits where leakage occurs it is only true 
lor those coils which encircle the leakage lines also. For 
example, in a short bar electromagnet, of the wide 
turns on the outer layer, those which encircle the mid- 
dle part of the bar do inclose all the magnetic lines, and 
are just as operative as the smaller turns that underlie 
them ; while those wide tnrns which encircle the end 
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portions of the bur are not so efficient, as some of the 
magnetic lines leak back past these coils. 

EFFKCT OF POSITION OF COILS. 

Among the other researches which Du Moncel made 
with res])ect to electromagnets was one on the best posi- 
tion for placing the coil npon the iron core. This is a 
matter that other experimenters have examined. In 
Dub's book, " Elektromagnetismus," to which I have 
several times referred, you will also find many experi- 
ments on the best position of a coil; but it is perhaps 
sufficient to narrate a single example. Du Moncel had 
four pairs of bobbins made of exactly the same volume, 
and with 50 metres of wire on each ; one pair was Ki 
centimetres long, another pair eight centimetres, or half 
tlie length, with not quite so many turns, because of 
course the diameter of the outer turn was larger, one 
four centimetres in length and another two centime- 
tres. These were tried both with bar magnets and 
horseshoes. It will suffice, jierhaps, to give the result 
of the horseshoe. The horseshoe was made long enough 
— IG centimetres only, a little over six inches long — to 
carry tlie longest coil. Now when the compact coils 
two centimetres long w^ere used, the pull on the arma- 
ture at a distance away of two millimetres (it was al- 
ways the same, of course, in the experiments) was 40 
grammes. Using the same weight of wire, but distrib- 
uted on the coils twice as long, the pull was 55 grammes. 
Using the coils eight centimetres long it was 75 grammes, 
and using the coils 10 centimetres long, covering the 
length of each limb, the pull was 85, clearly showing 
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fchat, where you have a given length of iron, the best 
way of winding a magnet to make it pull with its great- 
est pull is not to heap the coil up against the poles, but 
to wind it uniformly; for this mode of winding will give 
you more turns, therefore more ampere turns, therefore 
more magnetization. An exception might, however, 
occur in some case where there is a large percentage of 
leakage. With club-footed magnets results of the same 
kind are obtained. It was found in every case that it 
was well to distribute the coil as much as possible along 
the length of the limb. All these experiments were 
made with a steady current. It does not follow, how- 
ever, because winding the wire over the whole length of 
core is best for steady currents that it is the best wind- 
ing in the case of a rapidly varying current; indeed, we 
shall see that it is not. 

EFFECT OF SHAPE OF SECTION. 

So far as the carrying capacity for magnetic lines is 
concerned, one shape of section of cores is as good as 
another; square or rectangular is as good as round if 
containing equal sectional area. But there are two 
other reasons, both of which tell in favor of round cores. 
First, the leakage of magnetic lines from core to core is, 
for equal mean distances apart, proportional to the sur- 
face of the core ; and the round core has less surface 
than square or rectangular of equal section. All edges 
and corners, moreover, promote leakage. Secondly, the 
quantity of copper wire that is required for each turn 
will be less for round cores than for cores any other 
'3 
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,nent magnet did not puss through the iron witbot 
considerable rolnotttncc, beiug choked by iiisuflifieniTy 
of section; also not to aae too thi^jk pieces, otherwise 
they presented too much surface for leakage across from 
tho other. Eveiituully a particular length was 
itled upon, in proportion about sis times the diarae- 
■, or rather longer. In the further researches that 
Hngbea made he used a magnet of shorter form, not 
shown here, more like those employed in relays, and 
with an armature from two to three millimetres thick, 
one centimetre wide, and five centimetres long. The 
poles were turned oyer at the top towai-d one another. 
Hughes tried whether there was any advantage 
iu making those poles approach oue another, and 
whether there was any advantage in having as long an 
armature as five centimetres. He tried all different 
kinds, and plotted out the results of observations in 
curves, which could be compared and studied. His ob- 
ject was to ascertain the conditions which would give 
the strongest pull, not with a steady current, but with 
such currents aa were required for operating his print- 
ing telegraph instruments ; currents which lasted only 
from one to twenty hundredths of a second. He found 
it was decidedly an advantage to shorten the length of 
the armature, HO that it did not protrude far over the 
poles. In fact, he got a suiBcient magnetic circuit to 
iuro all the attractive power that he needed, without 
lowing as mucli chance of lejikage as there would have 
had the armsiture extended a longer distance ov« 
poles " also tried various forms of armtttid 
irosB-aeviit'ue, 
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mean by a ilugliea electromiignet, in Engliind suiircoly 
any one kuowg wliat yon mwHi. Englishmen do not 
even know that I'rof. Kugheu has iiiventeil a Bpecinl 
form of electromagnet. Hughes' special form is this : 
A permanent steel magnet, generally a coniponnd one, 
having soft iron pole-pieces, and a coujile of coils on the 
pole-pieces only. As I have tr> fipeak ot Hughes' spe- 
cial contrivunue among the inecliiiiiisms tliiit will oo- 







cnpy our attention next week, I only now refer to t 
magnet in one particular. If you wish a magnet to 
work rapidly, you will secure the most rapid action, not 
when the coils are distributed all along, but when t 
are heaped up near, not necesaiirily entirely on, 
poles. Hughes made a number of reseiirehea 
whiit the right length and thickness of these polo- 
slionld be. It was found an advantage not to i 
Uiin pole-pieces, otherwise the magnetism from tl 
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shape, for of all Keometrioal UgareB of eqnd initli| 
circle is the one of the least periphery. 

EFFECT OF DI8TAKCK BBTWBBir POLES. 

Another matter that Du Monoel experimented npd,' 
and Dub and Nickles likewise, was the distance betwa 
the poles. Dub considered that it made nodiffeifltt 
how far the poles were apart. Nioklds had a spedila' 
rangement made which permitted him to move thet« 
upright cores or limbs, nine centimetres high, to vi 
fro on a solid bench or yoke of iron. His armature i« 
*30 centimetres long* Using yery weak ciirrent8,li 
found the effect best when the shoriiest distance 1» 
tween the poles was three centimetres; with a stronger 
current, 12 centimetres; and with his strongest cunflik, 
nearly 30 centimetres. I think leakage must hayei 
(leal to do with these results. Du Moncel tried various 
experimonts to elucidate this matter, and so did Prof. 
Uuglu's in an important but too little known re- 
search, whi(5h came out in the Annales Telegraphiqn^ 
in the year 18G2. 

kesear(;hp:s of professor hughes. 

His object was to find out the best form of electro- 
magnet, the best distance between the poles, and the 
best form of armature for the rapid work required in 
Huglios' printing telegraphs. One word about Hughes' 
magnet. This diagram (Fig. 51) shows the form of 
the well known Hughes electromagnet. 1 feel almost 
ashamed to say those words "well known/' because al- 
though on the Continer^ ^body knows what yon 
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mean by a Hughcb elei-trumagiiet, in England Bcarcoly 
any one tnowa what jou mean EiigliBlimen do not 
oven know that Prof Hughes hasmvvnted a epeciiil 
form of electromagnet Ilughefc specul form m this : 
A permanent steel magnet, generally a compound one, 
having soft iron pole piei ea, and a conple of coifs on the 
pole-piecee only As I liaie ti' t-pcak of Hughes' epe- 
oial contrivance among the mochanisniB tlnit will oc- 
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r attention next week, I only now refer to this 
in one particular. If yon wish a magnet to 
work rapidly, you will secure the most rapid action, not 
when the coils are distributed all along, but when they 
are heaped up near, not neceaearily entirely on, the 
poles. Hughes made a number of reaearches to find out 
what the right length and thickneiss of these pole-pieeea 
should be. It was found an advantage not to use too 
. .(llin pole-pieces, otherwise the magnetism. I'co\a.\,ti.a->j«'^- 
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iiiaiu'iit niafrnot did not pass through the iron witbom 
(•()ii>idiTa]>lo rehictiince, being choked by insiifficieficy 
of section; also not to use too thick pieces, otherwise 
tlu'V pivst'nted too nuich surfuce for leakage across from 
uiK' to the otlu*r. Eventually a imrticular length was 
sfttK'd iii)on, in proportion about six times the diame- 
ttT, or rather longer. In the further researches that 
Ihiirlies made he used a magnet of shorter form, not 
shown hort', more like those employed in relays, and 
with an arniature from two to three millimetres thick, 
one centimetre wide, and five centimetres long. The 
poK's were turned over at the top toward one another. 
Iliiirhes tried whether there was any advantage 
ill makiiiii: those poles approach one another, and 
whether there was any advantage in having as long an 
armature as live centimetres. He tried all different 
kinds, and plotted out the results of observations in 
('iir\cs, ^\lli^•ll (-(.uhl Ix* compared and studied. His ob- 
ject was to ascertain the conditions which would give 
the >ti-nnu('sl })iill, not, with a steady current, but with 
.-iich (MMTcnts as were re(|uire(l for operating his print- 
iii-- trl('L:r;i|)h insi ninienis ; currents which lasted only 
from one to iweiiiy liundredths of a second. He found 
it was (h'ci(h'<lly an advantage to shorten the length of 
tlie armature, so that it did not [)rotrude far over the 
|>oh's. In fact, ]u» uot a suiVicient magnetic circuit to 
set-lire all the attractive [)osver tliat he needed, without 
allow in^- as much chance of leakage as there would have 
hecn ha<l the armature extended a longer distance over 
I he |)oles. \\v. also tried v ''ornis of armature 

having vc^ry various cross-S( 
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POSITION AND FORM OF ABMATDBE. 

'One of Du Moncel's papers onelet-troinagnetB^ yon 
also find a disGussioa ud iLrmatnrea, and the best 
irms for working in different positions. Among 
.other things in Dn Moneel you will iiiid this piiradox; 
ktthat whereas, using a, horseshoe mugnet with flat poloB, 
L.and a flat piece of soft iron for armature, it sticks on 
L far tighter when put on edgewise, on the other hand, 
^ if yon are going to work at a distance, across air, the 
b uttraction is far greater when it is set flatwise. I 
I explained the advantage of narrowing the surfaces of 
contact by the law of traction, B' coming in. Why 
should we have for an action at a distance the greater 
advantage from placing the armature flatwise to the 
poles ? It ia simply that you thereby reduce the reluc- 
tance offered by the air-gap to the flow of the magnetic 
lines. Pu Moneel also tried the difference between 
round armatures and flat ones, and found that a cylin- 
drical armature was only attracted about half as strongly 
Bs a prismatic armature having the same surface when 
at the same distance. Let us examine this fact in the 
light of the magnetic circuit. The poles are flat. Yon 
have at a certain distance away a round armature ; thi 
is a certain distance between its nearest side and the 
polar surfaces. If yon have at the same distance away 
a flat armature liaving the same snrface, and, therefore, 
about the same tendency to leak, why do you get a 
greater pull in this case than in that? I think it i 
clear that, if they are at the same distance away, giving 

■ La Lamlire Eleetrigve, loV. a. 
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the SBDDo nttigp of mution, there is a greater mn^ 
reluctance ia the case of tlio ronnj armatare. hUM 
there is ilie eame periphery, becHns? tiiougli the Ti«r« 
part of tlio earface is at tho prescribed diebinee. thriT' 
of the tinder surface is fitrtber away, so thiit the gn 
found in aubstilnting an armatitro witb a flat surfiwi 
a gain resulting from the diiaination iu the reHiFttm 
offered fay the air-gap. 

POLE-PIKCES lEPHOB MAfiNETS. 

Another ot Dq Moi eBearehes' relates to tlf 

effect of polar projeetiov loea — movable pole-pifr(* 

if you like — upon a hor elect romagnet. Tlieewe 

of this magnet vae of i iron foar eentimetraia 

diameter, and the panill nbe were ten centimeira 
long and six centimetres n ;. The shoes consisted of 
twti Hat pieces of iron glotted out at one eud. Botlial 
ihi'Vi'Oiild be slid along over the poles and bron^l 
nuiirer together. The attraction exerted on a flat a^^l^ 
liiro across air-gaps two mitlimetres thick was measiirei 
liv t'oiintorpoising. Exciting this electromagnet witii 
ixTdihi hattery, it was found thiit the attraction was 
gmtli'Ht when the shoes were pushed to about 15 niiUi- 
nii<t ruM, or about one-quarter of the inter-polar distancf. 
a|»ii't, Tli(i uumbevs were as follows: 
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With a stronger battery the magnet without shoos 
had an attraction of 885 gramnieH, but with the shoes 15 
millimetroa apart, 1,1EI6 gramuioe. When oije pole only 
was employed, the attraction, which was 88 grammes 
without a shoe, was dtminiikfil hy adding a shoe to 39 
grammes 1 

CONTRAST BETWEEN ELECTROMAflNETS AND PER- 
MANENT MAGNETS. 

Now, I want particularly to ask you to guard against 
the idea that all these results obtained from electro- 
magnets are equally applicable to permanent magnets 
of steel; they are not, for this simple reason. With 
an electromagnet, when you put the armature near, and 
jnake the magnetic circuit better, you not only get more 
magnetic lines going through that armature, but you 
get more magnetic lines going through the whole of the 
iron. Yon get more magnetic lines round the bend 
when you put an armature on to the poles, because you 
have a magnetic circuit of less reluctance, with the same 
external magnetizing power in the cods acting around 
it. Therefore, in that case, you will have a greater mag- 
netic flux all the way round. The data obtained with 
the electromagnet (Fig. 4.3), with the exploring coil C 
on the bend of the core, when the armature was iu con- 
tact and when it was removed, are most significant. 
When the armature was present it multiplied the total 
magnetic flow tenfold for weak currents and nearly 
threefold for strong currents. But with a steel horse- 
shoe, magnetized once for all, the magnetic lines that 
flow around the bend of the steel are a fixed quautlt^. 
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aud, however mnch juu diminish the rductauce of fl 
ma^ietic circuit, you do not create or evoke any more. 
When the nrmature is uway the magnetic lines arch 
acroBfl, not at the ends of the horBsshoe only, but from 
its flanks, the whole of the magnetic lines leaking some- 
how ncroBB the space. When you have put the armature 
on, these lines, instead of 
■ "O* arching out into space as 
'-j^- freely as they did, pass tor 

-•^ the most part along the steel 

limbs and through the iron arma- 
ture'. You may still have a con- 
BiJcnible amount of leakage, but 
you liuvenot made one line more go 
through the bent part. You have 
alisoUitely the same number going 
through the bend with the arma- 
ture off as with the armature on. 
You do not add to the totid. num- 
ber by reducing the magnetic re- 
luctance, because you are not work- 
J under the infiuenee of a 
constantly impressed magnetizing 
force. By putting the armature on to a steel horseshoe 
magnet you only collect the magnetic lines, you do not 
mulHply them. This is not a matter of conjecture. 
A group of my students have been making experiments 
in the following way: They took this large steel horse- 
shoe magnet (FJg. 63), the length of which from end to 
end through the steel is 42J- inches. A light narrow 
frame was constructed, so that it could be slipped on 
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over tbc miignut, and on it wtTo wound 30 turns of fi 
wire, to serve us an exploring ooil. The ends of this 
■ooil were carried to a distant part of the laboratory, and 
connected to a Bensitive ballistic galvanometer. The 
node of experimenting is as followa: The coil is slipped 
on over the magnet (or over its armature) to any desired 
position. The armitture of the miignet is placed gently 
upon the poles, and time enongh is allowed to elapso 
for the giilvanometer needle to settle to zero. The 
armature is then suddenly detaciu'd. The Jirst swing 
mousuroB the change, due to removing the armature, in. 
the number of magnetic lines that pass through the 
coil in the particular position. 

I will roughly repeat the experiment before you ; the 
flpot of light on the screen is reflected from my galva- 
nometer at the far end of the table, I place the explor- 
ing coil just over the pole, and sJide on the armnturo ; 
then close the gtdvanometer circnit. Now I detach the 
armature, and you observe the large swing. I shift the 
exploring coil, right np to the bend; replace the arma^ 
tnre; wait until the spot of light is bronght to rest at 
the zero of the scale. Now, on detaching the armature, 
the movement of the spot of light is ijuite impercepti- 
ble. In onr careful laboratory experiments the effect 
was noticed inrfi by inch all along the magnet. The 
effect when the exploring coil was over the bend was 
not as great as l-3000th part of the effect when the coil 
was hard up to the pole. We are therefore justified in 
saying that the number of raagnotie lines in a perma- 
nently magnetized steel horseshoe magnet is not altered 
the presence or absence of the armature. 
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■ noticed that I alwavs put on ibem 
I . liiit'B not do to ulam ou the arniBtEie;! 
.m lio so yoii knock some of the si>-iallrfl 
njigniiUsm out of it. But you may p 
■ lis siiil'IfulyaByou like. It does ihf nitl 
lier tlian barm. There ie a popular sui-er I 
,'iitl ought pBVDrtn null oS tliG keejNT I 
Icniy. Oh [Jon, it is found ibt I 

just the otii. You may pull off ihf | 

cideiily us yc tmt you ehouW »«« | 

ic cxpcritnen b I pass to the specinl 

.'ctn.miagnets ic ul purposes. 



KLECTIiOMAQNETS POP [MUM TRACTIOK, 

These have already been _. »ith in the precedil 
le<!turc, the oharacteristic feni,— of all the forme ani 
jihlo for IfiK'tioii being the compact magnetic circnit. 

Scvenil timi^B it has been proposed to increase tlie 
powiT of clijctromiigneta by constructing them witb in- 
tennediiitc niassea of iron between the central core and 
the outside, between the Inyere of windiiigg. All tbeao 
construi'tionB are founded on fulkisiea. Such iron is fur 
better placeil either right inside the ooila or right out- 
side them, so that it may properly conatituto a part of 
the magnetic circuit. The constructions known as 
Ciimacho's and Cance'e, and one patented by Mr. S. i 
Viirley in 1877, belonging to this delusive order of idea 
arc now entirely obsolete. 

Another construction which is periodically bn 
forwanl as a novelty is the use of iron windiugB 
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HHK-etrip iu place of copper winding. Tbe lower elec- I 
PcMario conductivity of iron, as compared with copper, 
^ makes such a, const ruction wasteful of osciting power. 
k« To apply equal niaguetizing power by means of an iron 
L> coil implies the expenditure of about six timea aa many 
^ watts as need be expended if the coil is of copper. 

EL EOT no MAG NETS FOR MAXIMUM KANUE OF 
ATTRACTION. 

j We have already laid down the principle which will 
enable us to design electromagnets to act at a dietimce. 
We want our magnet to project, as it were, its force 
across the greatest length of air-gap. Clearly, then, 
Bnch a magnet must have a very large magnetizing 
power, with many anip<ire tnrns upon it, to be able to 
make the required number of magnetic lines pass across 
the air reeistauce. Also it is clear that the poles must 
tiot be too close together for its work, otherwise the 
magnetic lines at one pole will he likely to coil round 
and take- short cuts to the other pole. There must be a 
wider width between the poles than is desirable in elec- 
tromagnets for traction. 

ELECTROMAGNETS OF MINIMUM WEIGHT. 

In designing an apparatus to put on board a boat or 
a balloon, where weight is a consideration of primary 
importance, there is again a difference. There are three 
things that come into play — -iron, copper, and electric 
current. The current weighs nothing; therefore if you 
are going to Siicrifice everything else to weight, yon may 
have comparatively little iron; but you must hiiva 
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enough copper to be able to carry the electric com* 
and under such circumstances you must not mind b#' 
ing your wires nearly red hot to pass the biggest pQ»' 
ble current. Provide as little copper as you conyenienir 
can, sacrificing economy in that case to the attaimietf 
of your object; but, of course, you must use fiie^wl 
material, such as asbestos, for insulatizig, instead oloit' 
ton or silk. 

A USEFUL OUIDIKO PRrirciPtB. 

In all cases of design there is one leading principh 
which will be found of great assistance; namely, tlati 
magnet always tends so to act as thongh it tried to 
diminish the length of its magnetic circnit. It tries t0 
^rrow more compact. This is the reverse of that whWi 
holds good with an electric current. The eleefrio ci^ 
ciiit always tries to enlarge itself, so as to inclose M 
much spaco as j)ossible, but the magnetic circuit always 
Irirs lo inako itself as compact as possible. Armatures 
}in» (irawTi in as near as can be, to close up the magnetic 
,Mn'ui(. Many t\vo-i)ole electromagnets show a tendency 
to ImmmI l()«r<'tlic^i' '^vlien the current is turned on. One 
form in particular, wliich was devised by Ruhmkorfl for 
(l„, jmrposc of repeating Faraday's celebrated experi- 
,„,,,, I on the magnetic rotation of polarized light, is 
li.,i.l„ (,, fliis dclVct. Indeed, this form of electromag- 
^^ , j., ,,(|,,„ (h'si^ned very badly, the yoke being too 
^, .,, ,...,1, mechanically and magnetically, for the pur- 

ul.irh il Ijji^ to fulfill. 
' J J ^ I ^ ., ,„„mII electric bell, constructed by Wagener, 

11 • .iHdcn. il»*' construction of which illustrates this 
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inciple. The electromagnet, a horseshoe, lies horizon- I 
iilly; its poles are provided with protruding, curved 
^pinsof bniaa. Through tho armatnre. are drilled two 
J holes, BO that it can be hung ujion the two brass pins, 
jUnd when bo hung up it touches the ends of the iron 
f cores just at one edge, being hold from more perfect 
OODtact by a spring. There is no complete gap, there- 
fore, in the magnetic circuit. When the current cornea 
imd applies a magnetizing power it finds the magnetio 
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circuit already complete in the sense that there are no 
absolute gaps. But the circuit csiu he bettered by tilt- 
ing the armature to bring it fliit against the polar ends, 
that being indeed the mode of motion. This is u most 
reliable and sensitive pattern of heU, 

Blectromagnetic Poji-(ivn.^ Here is another curious 
illustration of the tendency to complete the magnetic 
circuit. Hero is a tubuJar-eleetvomagnet (Fig. 53), con- 
fflating of a small bobbin, the core of which is an iron 
tube about two inches long. There is nothing very u.u.- 
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nsual about it; it will stick on, as you see, to pieeee of 
iron wlien thu current is turned on. It clearly is an 
ordinary eleotroinagnet in tliat respect. Now, suppose 
I take a little round rod of iron, about an inch long, and 
. put it into the end of the tube, what will happen when 
I turn on my current l-* In this apparatus as it stands 
the niiignetic circuit coneiBta of a short length of iron, 
and then all the rest is air. The magnetic circuit will 
try to complete itself, not by shortening the iron, but 
by leJigtheinttg it; by pushing the piece of iron out bo 
as to afford more surface for leakage. That is exactly 
what hiippons; for, as you see, when I turn on the cur- 
rent the little piece of iron shoots out and drops down. 
You see that little piece of iron shoot out with consid- 
erable force. It becomes a sort of magnetic pop-gun. 
This is an experiment which bus been twice discovered. 
I found it first described by Oouut Du Moncel, in the 
pages of La Lumter^ EUclrique, under the name of the 
"pistolet ^lectromagnfetique;" and Mr, Shelford Bid- 
well invented it independently. I am indebted to him 
for the use of this apparatus. He guvo an account of it 
to the Physical Society in 1885, but the reporter missed 
it, I suppose, as there is "^o record in the society's J^^H 
ceedingB. ^^^ 

ELECTROMAGNETS FOR USE IVITH ALTEBNATINQ^^B 
CL-RKEKT3. 

Wlicn you are designing electromagnets for use with 
alternating currents, it ifi necessary to make a change 
in one reajiect, namely, you must so laminate the iron 
that internal eddy currents shall not occur; indeed, for 
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aU rapid acting electromagnetic appiiratua it is u good 
role that tlie iron luust uot be s^'Iid. It ig uut usual 
with telegraphic instruments to laininnte them by mak- 
ing up the core of bundles of irou plutes or wires, but 
2 they are often made with lubular cores ; that is to say, 
the cylindrical iron core is drilled with a hole down the 
middle, and the tube so furitied is slit with a aaw-cut to 
prevent the circulation of currents in the substance of 
the tube. Now, when electromagnets are to be employed 
TTith rapidly alternating currents, such as are used for 
alectric lighting, the frequency of the alternations being 
tienally about 100 peijiods per second, slitting the cores 
is insufficient to guard iigainst eddy currcnta; nothing 
short of completely laminating the cores is a satisfac- 
tory remedy, I have here, thanks to the Brush Electric 
Engineering Company, an electromagnet of the apucinl 
form that is used in the Bnish arc lamp when required 
for the purjiose of working in an alternating current 
circnit. It luis two bobbins that are screwed up against 
the top of an iron box at the head of the kmp. The 
iron slab serves as a kind of yoke to carry the magnet- 
ism across the top. There are no fixed cores in the 
bobbins, which are entered by the ends of a pair of 
yoked i)lungers. Now in the ordinary Brush- lamp for 
nee with a steady current the plungers are simply two 
round pieces of iron tapped into a common yoke ; hut 
for alternate current working this construction must 
not be used, and instead a U-shaped double plunger is 
nsed, made up of laminated iron, riveted together. Of 
oourse it is no novelty to use a. laminated core; that de- 
rioej iii'st uaei by Joule, and then by Cowper, haa Iwao. 
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reiiiiteuted rather too often daring the past 50 years to 
be considered as a recent invention. 

The alternate nijiid reverBals of the niugnetisin in the 
magnetic field of an electromagnet, when excited by 
alternating eleutric currenta, sets np eddy currents in 
every piece of undivided metid within range. Ali 
frames, bobbin tubes, bobbin endB and the like must be 
moat carefully slit, otherwise they will overheat. If a 
domestic flat-iron ia placed on the top of the poles of a 
properly laminated electronmgnot, supplied with alter- 
nating currents, the flat-irou is speedily heated up by 
the eddy currents that ara generated internally within 
it. The eddy currents set up by induction in neighbor- 
ing masses of metal, especially in good conducting 
metals, such aa copper, give rise to many curious phe- 
nomena. For example, a copper disc or copper ring 
placed over the pole of a straight electromagnet so ex- 
cited is violently repelled. These remarkable phenom- 
ena have been recently investigated by Prof. Elihu 
Thomson, with whose teantifnl and elaborate researches 
we have lately been made conversant in the pages of the 
technical journals. He rightly attribntes many of the 
repulsion phenomena to the lag in phase of the alternat- 
ing currents thus induced in tlie conducting metal. The 
electromagnetic inertia, or self-inductive property of 
the electric circuit, causes the currents to rise and fall 
later in time than the electromotive forces by which 
they are occasioned. In all such cases the impedance 
which the circuit offers is made up of two things — re- 
sistance and inductance. Both these causes tend to 
diminish the amount of current that flows, and the IQ- 
ductauce also tends to delay the fiow. 
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ELECTROMAGNETS FOR QUICKEST ACTION. 

I have already mentioned Hughes' researches on the 
form of electromagnet best adapted for rupid signaling. 
I have also incidentiilly mentioned the fact that wliere 
rapidly varying currents are employed, the strength of 
the electric current that a given battery can yield is de- 
termined not so mnuh by the resistance of the electric 
oircnit, but by its electric inertia. It is not a very easy 
task to explain precisely what happens to an electric 
circuit when the current is turned on suddenly. The 
current does not suddenly rise to its full value, being 
retarded by inertia. The ordinary law of Ohm in its 
simple form no longer applies; one needs to apply that 
other law which bears the name of the law of Helni- 
holtz, the use of which is to give us an expression, not 
for the final value of the current, but for its value at 
any short time, t, after the current has been turned on. 
The strength of the current after a lapse of a short time, 
t, cannot be calculated by the simple process of taking 
the electromotive force and dividing it by the resistaneCj 
aa you would calculate steady currenle. 

In symbols, Helmholtz's law is: 






In this formula I'j moans the strength of the current 
after the lapse of a short time I; E is the electromotive 
force; ti the resistance of the whole circuit; L its co- 
; of self-induction; and e the number S.7183, 
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which is the base of the Napierian logarithms. Let us 
look at this formula; in its general form it resembles 
Ohm's law, but with a new factor, namely, the expres- 
sion contained within the brackets. This factor is nec- 
essarily a fractional quantity, for it consists of unity 
less a certain negative exponential, which we will pres- 
ently further consider. If the factor within brackets is 
a quantity less than unity, that signifies that if will be 
less than E -r- R, Now the exponential of negative 
sign, and with negative fractional index, is rather a 
troublesome thing to deal with in a popular lecture. 
Our best way is to calculate some values, and then plot 
it out as a curve. When once you have got it into the 
form of a curve, you can begin to think about it, for 
the curve gives you a mental picture of the facts that 
the long formula expresses in the abstract. Accordingly 
we will take the following case: Let E = 10 volts; R = 
1 ohm; and let us take a relatively large self-induction, 
so as to exaggerate the effect; say let L = 10 quads. 
This gives us the following: 
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2.718 


6.843 




20 


7.389 


8.646 




30 


20.08 


9.50t 




60 


403.4 


9.976 




120 


162800.0 


9.999 





In this case the value of the steady current as calcu- 
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lated by Ohm's Inw is 10 anipi^rea; but Hclmholtz'B 
law shows us that with the great self-indiictioii, whieh 
ve have jissuracd to be present, the current, even at the 
end of 30 seconds, has only risen op to within !)5 per 
cent, of its final value; and only at the end of two min- 
ntea has practically attained full strength. These values 
are set out in the highest curve in Fig. 54, in which, 
however, the further anpposition is made that the num- 
ber of spirals S in the coils of the electromagnet is 100, 
BO that when the current attains its full value of 10 
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amperes the full magnetizing power will be Si = 
1,000. It will be noticed that the curve rises from zero 
at first steeply and nearly in a straight line, then bends 
over, and then becomes nearly straight ag,iin as it grad 
ually rises to its limiting value. The first part of the 
cnrve — that relating to the strength of the current after 
a vei-i/ small interval of time — is the period within 
which the strength of the current is governed by inertia 
{i. «., the self-induction) rather than by resistance. In 
reality the current is not governed either by the self- 
induction or by the resistance alone, but by the ratio of 
iih» two. This ratio is sometimes calVeA X'aB " Voa'&^asQp-, 
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stant ^' of the circuity for it represents the tims irioA 
the current takes in that circuit to rise to a definite 
fraction of its final value. This definite fraction is Dm 

fraction ; or in decimals, 0.634. All eunres of m 

of current are alike in general shape — they differ onlj 
in scale; that is to say, they differ only in the height to 
which they will ultimately rise, and in the time thej 
will take to attain this fraction of their final value. 

Example (1).— Suppose j^= 10; 12 = 400 ohms; X=& 
The final value of the current will be 0.025 amptee or ^ 
milliamp^res. Then the time-constant will be 8 + 400 :s 
l-50th second. 

Example (2).— The P. O. Standard "A" relay has JB = 4» 
ohms; L — 3.25. It works with 0.5 milliamp^i^ corrent, and 
therefore will work with 5 Daniell cells throogh a line of 
9, (MM) ohms. Under these circumstances the time-constant 
of tlie iiistruuieiit on short circuit is 0.0081 second. 

It will ])e noted tliat tlie time-constant of a circuit can 
1)0 rediu^ed eitlior by diminishing the self-induction, or 
by increasing tlie resistance. In Fig. 54 the position of 
the time-constjint for tlie top curve is shown by the 
vertical dotted line at 10 seconds. The current will 
take 10 seconds to rise to 0.034 of its final value. This 
r(;tardation of the rise of current is simply due to the 
l)resence of coils and electromagnets in the circuit; the 
current as it grows being retarded because it has to 
create magnetic fields in these coils, and so sets up op- 
l)osing electromotive forces that prevent it from grow- 
ing all at once to its full strength. Many electricians 
unacquainted with Ilelmholtz's law have been in t)M 
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"Hatit of accounting fur this by sajiug that there is a 
^g in the irou of tlie electromagnet cores. They tell 
you that au iron core cannot be maguctiKed suddenly; 
that it tiiksB time to acquire its magnetism. They think 
it is one of the properties of iron. But we know that 
the only true time-lag in the magnetization of iron — 
that which is properly termed "viscous hysteresis" — 
does not amount to three per cent, of the whole amount 
of magnetization, takes comparatively a long time to 
show itself, and cannot therefore be the cause of the 
retardation which we are couaidoring. There are also 
electricians who will tell yon that when magnetization 
is suddenly evoked in an iron bar there are indnction 
carrents set up in the iron which oppose and delay its 
magnetiaation. That they oppose the magnetization is 
perfectly true; but if yon carefully laminate the iron 
80 as to eiimin-ite eddv currents, you will find, strangely 
enough, that the magnetism rises still more slowly to 
its final value For by laminating the iron you have 
virtually increased the self inductive action, and in- 
creased the time-ooiiatint of the circuit, so that the 
currents rise more slonly than before. The lag is not 
in the iron, but lu the magnetizing current, and the 
current being retarded, the magnetization is, of course, 
retarded also. 



CONNECTING COILS FOR QUICKEST ACTION. 

Now let us apply these most important though rather 
intricate cotisiderittions to the practical problems of 
the quick working of the electromagnet. Take the case 
fail electromagnet forming some part of tke iftpftVfx-ft^fe 
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apparatus of a telegraph Bystom, in which it isdewtfi 
to secure very rapid working. Suppose the two wit 
that lire wound upon tJie horseehoe core are connecto 
together in series. Tho coefficient of self-induction fe 
these two is four times as great as that of either Bep- 
rately; coefficients of Belf-induction being proportioTiil 
to the square of the iiumbi " .nrns of wire that !ll^ 
round ii giveu core. Now j two coiU, instead rf 

heing put iu series, are p mrallel, the eoefScicDl 

of self- ind notion will be n to the same value 

there were only one coil, be half the line currwi 

(which in practically nnulte will go through eneh 
coil. Hence the tinie-coustiii E tho circnit wheu tbE 
coils ure in parallel will be a -ter of that which il is 
when the coils are in series the other hand, (or* 

given line current, the final i netizing power of the 
two coils in parallel is only half what it would he witli 
the coils in series. The two lower curves in Pig. 54 illus- 
trate this, from which it is at once plain that the mag- 
netizing power for very brief currents is greater wlien 
the two coila are put in parallel with one another than 
when they are joined in series. 

Now this circnmstiince h&a been known for some time 
to telegraph cngineera. It hna been patented several 
times over. It has formed the theme of scientific papers 
which have been read both in France and in England. 
The explanation generally given of the advantage of 
uniting the coils in parallel is, T think, falhicious; 
,|.,^(.lv,lliat the "extra cnrrpTits" {r. f'., currents due to 
gj,]f.j,iihictioJi) set up in the two coils are induced in 
such directions as tend to help one another when th 
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eoil3 are in aeries, and to neutralize one anotlier when 
they are in pai'ailel. It is a falliicy, because in neither 
case do tliey neutrulize one imother. Whichever way 
the current fl.ows to make the mugnetism, it ia opposed 
in the coils while the current is falling by the so-called 
extra currents. If the current is rising iu both coils at 
the same moment, then, whether the coils are in series 
or in parallel, the eflect of self-induction is to retard 
the rise o£ tho current. The advantage of parallel 
grouping is simply that it reduces the time-constant. 

BATTERY GROUPING FOR QtTlCKEST ACTIOS. 

One may consider the question of grouping the bat- 
tery cells from the same point of view. IIow does the 
need for rapid working and the question of timo-con- 
atant affect the best mode of grouping the batteiy cells ? 
The amateur's rule, which tells you to so arrange your 
battery that its internal resistance should be equal to 
the external resistance, gives you a result wholly wrong 
for rapid working. The supposed best arrangement 
will not give you {at the expense even of economy) the 
best result that might he got out of the given number 
of cells. Let us take an esample and cul^julate it out, 
and place the results graphically before our eyes in the 
form of curves. Suppose the line and electromagnet 
have together a resistance of six ohms, and that we have 
S4 small Daniell's cells, each of electromotive force, say, 
one volt, and of internal resistance four ohms. Also 
let the coefBcient of self-induction of the electromagnet 
and circuit be sis quadrants. When all the cells are in 
series, the resistance of the battery will be dH ohms, the 
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total resistance of the ciroiiit lOS ohms, and Aeti 
Yulne of the current 0.235 ampdre. When all tbeedk 
are in parallel the resistance of the hattery will be 0.U 
ohm, the total resistance 6.133 ohmgy and the foil viIh 
of the current 0.162 ampdre. Aooording to theamstai 
rule of grouping cells so that internal resistance eqvk 
external, we must arrange the cella in four panlielit 
each having six cells in series, so that the intemln' 
sistance of the battery will be six ohms, total resistiBBi 
of circuit 12 ohms, full yalne of current 0.5 ampte 
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Fio. 55.— CmvES of Risk of Current with Diffbbsnt OnoupraaB of 

Battery. 



Xow the corresponding time-constants of the circuit in 
i\w til roe cases (calculated by dividing the coefficient of 
st'lf-iii(lu(»tion by the total resistance) will be respect- 
ively — in series, 0.00 sec; in parallel, 0.96 sec.; grouped 
for maximum steady current, 0.5 sec. From these date 
we may now draw the three curves, as in Fig. 55, wherein 
the ahsoissie are the values of time in seconds, and the 
ordiiiates the current. The faint vertical dotted lines 
mark the time-constants in the three cases. It will be 
siH'u tliat when rapid working is required the magnetia- 
ing current will rise, during 'nervals of time^ 
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jinore rapidly if all the cells are put in series than it will 
do if the cells are grouped aocordiug to the amateur 
rale. 

"When they are all put in series, so that the battery- 
has a much greater resistauoe than the rest of the cir- 
cuit, the current rises much more rapidly, because of the 
. smallnesH of the time-constant, although it never attains 
the same ultimate maximum aa when grouped in the 
other way. That is to say, if there is self-induction as 
■well as resistance in the circuit, the amateur rule does 
not tell you the best way of arranging the battery. 
There is another mode of regarding the matter which 
ia helpful. Self-induction, while the current is grow- 
ing, acts as if there were a sort of spurious addition to 
the resistance of the circuit; and while the current is 
dying away it acts of course in the other way, as if there 
were a subtraction from the resistance. Therefore yon 
ought to arrange the batteries so that the internal resist- 
ance is equal to the real resistance of the circuit, plua 
$he spurious resistance during that time. But how 
much is the spurious roeiBtance during that time ? It 
ia a resistance proportional to the time that has elapsed 
since the current was turned on. So then it comes to 
the question of the length of time for which you want 
to work it. What fraction of a second do you require 
your signal to he given in ? Whiit is the rate of the 
yibrator of your electric hell ? Suppose yon have settled 
.that point, and that the short time during which the 
current is required to rise is called /; then the apparent 
resistance at time / after the current Is turned on is 
riven by the formula: 
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TIHB-C0N8TANTS OF ELECTBOUAONBTB. 

I may here refer to Bome deterniiiintious made by M. 
VflBchy,* respecting the coefficients of self -induction of 
the electroniiiffnets of a number of pieces of telegraphic 
apparntua. Of thcM I mnst only quote one result, which 
Ib very aignifieant; it relates to the electromagnet of a. 
Morse receiver of the jjuttern habitually used on the 
French tclegmph lines, 

£, InimadrBntB. 

BahtiliiH. Bepa.ra.tetr. TriUiont iron cores O.USassd O.BfB 

Bobhina, aepararely, with iron cores ].B5 and J.Tl 

Boblilus, wlUivon!iilnlnedbyyolt().coi]sliiKiie8 0.37 

Bobbitls, with ftmiaUire restlag on pole* lO.BB 

It is interesting to note how the perfecting of the 
magnetic circuit increases the self-induction. 

Thanks to the kindness of Mr. Preece, I have been 
furnished with some most valuuble information about 
the coefficients of self-induction, and the resistance of 
the standard pattern of relays and other instruments 
which are used in the British postiil telegraph service, 
from which data one is able to say exactly what the 
time-constants of those instruments will he on a given 
circuit, and how long in their case the current ^il' take 
to rise to any given fraction of its final value. Here let 
me refer to a very capital piiper by Mr. Preece in an old 
number of the "Journal of the Society of Telegraph 
Engineers," a paper "On Shunts," in which he treats 
this question, not as perfectly as it could now be treated 
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the fuller knowledge we have in 1890 about the 

OeffiuientB of self-iiiduclimi, but in a very useful and 

»acticii! wiiy. Ue showed most completely that the 

Vltore perfect the magnetic circuit ia^though, of course, 

lU are getting more miignetism from your current — 

a^e more ia that current retarded, Mr. Preece'e mode 

■:f experiment wmb extremely simple; he observed the 

tlirow of the galvanometer, when the circuit which oon- 

fc«lined the battery and the electromagnet was opened by 

key which at the same moment connected the electro- 
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magnet wires to the galvanometer. The throw of the 

galvanometer wub assumed to represent the extra cur- 
rent which flowed out. Fig, 56 represents a few of the 
resnlts of Mr. Preece's paper. Take from an ordinary 
relay a coil, with its iron core, half the electromagnet, 
BO to speak, without any yoke or armature. Connect it 
op as described, and observe the throw given to the 
galvanometer. The amount of throw obtained from the 
single eoil was taken as unity, and all others were com- 
pared with it. If yon join up two such coils as they 
are usually joined, in series, but without any iron yoke 
across the cores, the throw was IT. Putting the iron. 
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yoke aoros§ the sores, to constitute a horBesboe form, 
496 was the throw; that is to say, the tendency of thia 
electromagnet to retard the current was i96 times as 
greitt as that of the simple coih But when an armature 
was put over the top the etfect ran up to 3,^38. By 
the mere device of putting the coils in parallel, instead 
of in eeriea, the 2,338 came down to 502, a little leaB 
than the (lunrter value which would have been expected. 
Lastly, when the armature and yoke were both of them 
split in the middle, as is done in fact in all the standard 
patterns of the British Postal Telegraph relays, tha 
throw of the galvanometer was brought down from 503 
to 20. Relays so constructed will work ex-cessively rap- 
idly. Mr. Preece states that with the old pattern of 
relay having so much self-induction as to give a galva- 
nometer throw of 1,688, the speed of signaling was only 
from 50 to 60 words per minute; whereas with the 
standard relays constructed on the new plan, the speed 
of signaling is from 400 to 450 words per minute. It 
is a verj- interesting and beautiful result to arrive at 
from the experimental study of these magnetic circuits. 

SHORT CORES VERSUS LONO C0BE3. 

In considering the forms that are best for rapid ac- 
tion, it ought to be mentioned that the effects of hys- 
teresis in retarding changes in the magnetization of 
iron cores are mueh more noticeable in the case of 
nearly closed miignetic circuits than in short pieces. 
Electromagnets with iron armatures in contact across 
their poles will retain, after the current has been cut 
off, a very large part of their magnetism, even if the 
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. ores be of the softest of iron. But so soon as the arma- 
. are is wrenched off the magnetism disappears. An air- 
,jap in a magnetic circuit always tends to hasten de- 

.nagnetizing. A magnetic circuit composed of a long 
ur path and a short iron path demagnetizes itself much 
more rapidly than one composed of a short air path and 
a long iron path. In long pieces of iron the mutual 
actions of the various parts tend to keep in them any 
magnetization that they may possess; hence they are 
less readily demagnetized. In short pieces where these 
mutual actions are feeble, or almost absent, the mag- 
netization is less stable and disappears almost instantly 
on the cessation of the magnetizing force. Short bits 
and small spheres of iron have no " magnetic memory." 
Hence the cause of the commonly received opinion 
among telegraph engineers that for rapid work electro- 
niagnets must have short cores. As we have seen, the 
only reason for employing long cores is to afford the 
requisite length for winding the wire which is neces- 
sary for carrying the needful circulation of current to 
force the magnetism across the air-gups. If, for the 
sake of rapidity of action, length has to be sacrificed, 
then tlie coils must be heaped up more thickly on the 
short cores. The electromagnets in American patterns 
of telegraphic apparatus usually have shorter cores and 
a relatively greater thickness of winding upon them 
•than those of European patterns. 
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LECTURE IV. 

ELECTROMAGXETIC MECHANISM. 

The ta.^k before me to-night comprises the „, 

inatttMs: First, to speak of that particular variety (i 
the ck'ctroinagnet in which the iron core, instead oi 
l)ciii<r ;itta(;lie(l to the coils, is movable, and is attracted 
into tlieni. Secondly, to speak of the modes of equalii- 
ing tlic pull of electromagnets of rarious sorts overtkir 
raii^e of action. Thirdly, to describe sundry mechan- 
isms wliicli depend on electromagnets. Lastly, to die- 
cuss tlie modes of ])revention or diminution of the spark- 
inir which is so almost invariably found to accompany 
the break of circuit when one is using an electromagnet. 



Tin-: COIL-AXD-PLUNGER. 

First, then, let me deal with the apparatus wherein 
an ii'oii core is Mttracted into a tubular coil or solenoid, 
an apparatus which, for the sake of brevity, I take the 
lihciiy of naminsj^ as the ru\l-(ni(l-])h(.nger. Now from 
(piite early times, from 1«S;22 at any rate, it was known 
that a coil would attract a })ieee of iron into it, and that 
this .•icti(ni I'csemhled somewhat the action of a piston 
iToinir into a cylinder — resembled it, I mean to sav in 
posscssin^^ an extended ran.^e of action. The use of 
such a devi(^e as the coil-and-])lunger was even patented 
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Hma couQtry in 1846 under the same of "a novf eleo- 

T&magnet." Electromagnetic engines, or motova, were 
flSide on this plan by Page, and afterward by others, 
md it became generally known aa a distinct device. 
But even now, if you inquire into the literature of the 
text-books to tnow what are the peculiar properties of 
the eoil-and-plunger aiTangeuaent, you will find that the 
Ijooks give you next to no in form at ion. They are con- 

•tent to deal with the thing in very general terms by 
fisying: Here ia a sort of sucking magnet; the core is 

I attracted in. Some books go so far as to toll you that 
the pull is greatest when the core is about hall way in; 
a statement which is tnie in one particular case, but 
false iu a great many others. Another book tells you 
that the pull is greatest at a point one centimetre below 
the centre of the coil, for plungers of all different lengths 
—which is quite untrue. Another book tells you that 
a wide coil pulls less powerfully than a narrow one; a 
atfttement which is true for some cases and not for 
others. The books also give yon some approximate 
rules, which, howeyer, are very little to the point. The 
reason why this ouglit to receive niiich more careful 
consideration is because in this mechanism of coil-and- 
plunger we have a real means not only of equalizing, 
but also of vastly extending the range of the pull of the 
electromagnet. Let us take a very simple example for 
the sake of contrasting the range of action of the ordi- 
nary electromagnet with the range of action of the coil- 
and-plunger. 

Here are some numbers which are given in a paper 
rith which I have long been familiar, a paper read h^ 
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the late Mr. Robert Hunt in 1866, before the 

of Civil Eiigiueers, with that eminent engineer, BoU| 
StepheiisoUy in the chair. Mr. Hunt described thei» 
OU8 types of motors, and spoke of this question (il1ii| 
niTijTC of action. He recounted some ezperimate'l 
his own in which the following was the range of letia 

There was a horseshoe d»1 
tromagnet which at dutasj 
sero— that is, when itsir*' 
tnre was in contact-foU 
with a pun of 220 pan*; 
when the distance was mk 

^^^7 T^W^li of an indkH 
mfls), the pull fell to N 
pounds; and when thedii- 
tance was increased to M 

mils, j>ffth of an inch), the 
pull fell to only 36 pounds. 
The difference from 230 to 
3G was within a range ol 
^\)th of an inch. He con- 
trasts this with the resnltt 
giv(Mi by {mother mechanism, not quite the simple coil- 
and-pliingor, but a variety of electromagnet brought out 
about th(i year 1845 by a Dane, living in Liverpool, 
nanu»(l Iljorth, wherein a sort of hollow, truncated cone 
of iron (Fig. 57), witli coils wound upon it — a hollow 
elect r()nia<;;net, in fact — was caused to act on another 
t'lectroinjignot, one being caused to plunge into the 
other. Now we have no inform •^^''^^i what the pull was 
at distance zero with thi arrangement of 
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rtli'B, but at a diataiioe of one iiich the pull (with 
rery much larger apparatus than Ilnnt's) v 
Ijinds, the pull at three inches v/ns 88 pounds, 

72 pounds. Here, then, we have & range of action,; 
Bug not over ["^th of an inch, but over five inches, and! 
_ Sling not from 320 to 36, but from IGO to ~2, obvioualyi 
fj^much more equable kind of range. At the Inatitutioitj 
^jot Civil Engineers on that occasion a number of tin 
_, ^xnost celebrated men, Joule, Cowper, Sir 'Williani Thorn- 
..eon, Mr. Justice Grove, and Prof, Tyndall, dlscuBsed 
,^. ■tliese matters — discussed them up and down — from the 
^ point of view of range of action, and from the point of 
^ "view of the fact tliat there was no means of working 
jj. them at that time exnopt by the consumption of zinc in 
,; a primary battery; and they all came to the conclusion 
_^ that electric motors would never pay, Robert Stephen- 
son summed up the debate at the end in the following 
^ words; "In closing the discussion," he remarlced, 
^^ "there could be no doubt from what had been said that 
^ the application of voltaic electricity, in whatever sliape it 
I might bo developed, was entirely out of the question 
commercially spetiking. Without, however, considering 
the subject in that point of view, the mechaniciil appli- 
cations seemed to involve almost insuperable difficulties. 
The power exhibited by electro magnet ism, though very 
I great, extended through so small a space as to be prao^ 
tioally useless. ,-1 }wwerful magnet might be campared, 
' Jor the sake of illustration, to a steam engitte with m 
enormous piston but with an exceedingly short stroke 
*«cA an arrangement ieas well known to be very undesi\ 
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AVell, from the diecoBsiou in 1S56— when this 
tiou of tlie loiigth of range was so distinctly set forth — 
down to the present, there have been a large number of 
attempts to ascertain exiictly how to design a long range 
electromagnet, and those who have succeeded have, as a 
general rule, not been the theorists; rather they have 
been men compelled by force of circumstances to arrive 
at their result by some kind of — shall we call it — " de- 
signing eye," by having a sort of intuitive perception ot 
what was wanted, and going about it in some rough- 
and-ready way of their own. Indeed, [ am afraid had 
they tried to get much light from calculations based on 
orthodox notions respecting the anrfaee distribution 
of magnetism, and all that kind of thing, they would 
not have been much helped. There is our old friend, 
the law of inverse squares, which would of course turn 
up the first thing, and they would be told that it would 
be iniposfiible to have a magnet that pulled equally 
through any range, because the pull was certain to vary 
inversely according to the square of the distance. I 
noticed that, in a report of my second lecture in one of 
the London journals, I am announced to have said that 
the law of inverse squares did not apply to electric 
forces, I beg to remark I have said no such thing. It 
is well to be precise as to what one does say. There 
lias been a lively discnssion going ou quite lately whether 
sound varies as the square of the distance— or ratlior, 
whether the intensity of it does — and the people who 
dispute on both sides of the ease do not seem to know 
what the law of inverse squares means, I have also seen 
the statement nude last week in the columns oi 27*e 
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by one who is snppoBeii to be an eitiiiieut author- 
eyesight, thiit the intensity of the color of a acar- 
vuries inversely with the stjuare of the dis- 
from whitih yon see it. Mure nttor nonBonse was 
_ /er written. The fact is, the Iiiw of inverse squarea, 
\lCl»ich is a perfectly true mathematicai law, is true not 
July for electricity, but for light, for sound, and for 
Swerything else, provided it is applied to the one case to 
'hieh 8, hiw of inverse squares is ajiplicable. That law 
1 a law expressing the way in which action at a distance 
Ealla off when the thing from which the action is pro- 
lediiig is 60 small compared with the distance in qiiea- 
fcion that it maybe regarded as a point. The law of 
squares is the law universal of action proceeding 
&om a point. The music of an orchestra at 10 feet 
-distance is not four times us loud as at 30 feet distance; 
for the size of an orchestra cannot he regarded as a 
mere point in comparison with these distances. If you 
can conceive of an object giving out a sound, and the 
object being so small in relation to the distance at which 
joa are away from it that it is a point, the law of in- 
verse squares is all right for that, not for the intensity 
of your heaving, but for the intensity of that to which 
your sensation is directed. In no ease, however, are 
sensations absolutely proportional to their causes. When 
the magnetic action proceeds from something so small 
that it may bo regarded as a point compared with the 
distance, then the law of inverse squares is necessarily 
and mathematically true. 

You may remember that I produced an apparatus 
37) wbjoh I said was the only apparatus hitherto 
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devised which did directly proye, experimentally, the 

liiw of inverse squares for tbe nise of a, magnetic pole. 
There was in it u pole, virtniilly a point at a considera- 
ble distance from a email magnetic needle, which was 
tilao virtually a point. 

Tbe law of inverse squares is true; bnt it is not what 
one works with when one deals with electromagnets 
having ends of a visible aize, acting on armatures them- 
selves of visible sizes, and quite close to them. If you 
take a case which never occurs in practice, an armature 
of hard Btet'l, permanently magnetized, so far away from 
an electromagnet (or rather from one pole only) that 
the distance between the one pole and the armature on 
which yon are acting is so very gre^t compared with 
each of them that each of them may be regarded by 
comparison as a point, then the law of inverse squares 
may be rightly applied, but not unless. 

Now we want to arrive at a true law. We want to 
know exactly what the law of action of the coil-and- 
plunger is. It is not a very ditficult thing to work out, 
provided yon got hold of the right ideas. We must 
begin with a simple case, that of a short coil consisting 
of hut one turn, acting on a single point pole. From 
this we may proceed to consider the effect on a point 
pole of a long tube of coil. Then we may go on to a 
more complex case of the tube coil acting on a very long 
iron core; and last of all from the very long iron core 
we may pass to the case of a short core. 

You all know how a long tube of coil such as this 
will act on an iron core. Let us make an experiment 
with it, I turn on the current so that it circulates 
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nd the coil ulong the tuhe, and when I hold in fi'ont 
tie apei-tnro of the tube this rod of soft iron, it is 
ad into the coiL Wlien I pull it out a little way 
I back, as with a spring. The current happens to 
i strong one — jibout 25 amperes; there are about 700 
^fi of wire on the coil. The rod is ahout one inch in 
Bter iiud 20 inches long. So great is the pull that 
Bot pnU it entirely out. The pull was very Kmall 
: rod was outside, but as soon as it gets in it is 
. actively, runs in and settles down with the ends 
i\y protruding. The tubular coil I have been using 
bout 14 inches long; but now let us consider a 
tiorter coil. Hero is one only half an inch from one 
vend to the other, but I have one somewhere still shorterj 
rao short that the length, parallel to the axis, is very 
•email compared with the diameter of the aperture with- 
in. Tho wire on it consists of hut one single turn. 
• Taking such n coil, treating it as only one single ring, 
1 Tfith the current going once round, in what way does it 
. act on a magnet that is placed on the axis? First of 
all, take the case of a very long permanently magnet- 
ized steel magnet, so long, indeed, that any action on 
the more distant pole is so feeble that it may bo disre- 
garded altogether and only one pole, say the north poh 
is near the coil. In whut way will thiit single turn of 
trail act on that single pole ? This is tbe rule, that the 
pull does not vary inversely as the square of the dis- 
tance, nor as any power at all of the distance measured 
straight along tho axis, but inversely m the cube of the 
slant distance. Let the point in Fig. 58 represent 
the centre of the ring, its radius being y. T!\ve\S 
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is the axis of the ring, and the distance from to P 
we will call x. The slant distance from P to the ring 
we call a. Then the pull on the axis toward the centre 

of this coil varies inversely as the 
cube of o. That law can be plotted 
out in a curve for the sake of ob- 
serving the variations of pull at 
various points along the axis. Al- 
low me to draw your attention to 
Fio. 58.— Action op Single Fig. 59, which represents a section 

or edge view of the coil. At vari- 
ous distances right and left of the 
coil are plotted out vertically the corresponding force, 
the calculations being made for a current of 10 amperes, 
circulating once around a ring of one centimetre radius. 
The force with which such a current acts on a magnetic 
pole of unit strength placed at the central point is 6.28 
dynes. If the pole is moved away down the axis, the 
pull is diminished; at a distance away equal in length to 



Coil on Point Polk on 
Axis. 



e:28 




FiQ. 59.— Action alono Axis of Single Coil. 

the radius it has fallen to 2.22 dynes. At a distance 
equal to twice the radius, or one diameter, it is only 0.56 
dyne, less than one-tenth of what it was at the centre. 
At two diameters it has fallen to 0.17 dyne, or less than 
three per cent.; and the force at three diameters is only 
about two per cent, of tliat at the centre. 
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If, then, we could takt) a. very long magnet, we may | 
atterly neglect the action on the distant pole. If I had I 
a long ateel magnet with the sonth pole fire or six feet I 
sway, nnd the north pole at a, poibt three diametera J 
(t. e., six centimetres in this case) distant from the mouth. J 
of the coil, tlien the pull of the current in one spiral on I 
the north pole three diameters :iwiiy would be practi- I 
cally negligible; it woold he less than two per cent, of 'I 
what the pnll would be of tliat single eoil when the pole I 
was pushed right up into it. But now, in the case of \ 
the tubular coil, consisting of at least a whole layer o£ 1 
tnrns of wire, the action of all of the turns has to be 1 
considered. If the nearest of the tnrns of wire is at a dis- j 
tancc equal to three diameters, all tlie other turns of I 
wire will be at greater distances, and, therefore, if we j 
may neglect such small quantities as two per cent, of I 
the whole amount, we may neglect their action also; for I 
it will be still smaller in amount. Now, for the pur- ] 
pose of arriving at the action of a whole tube of coil, I 1 
will adopt a method of plotting devised by Mr. Sayers. j 
Suppose we had a whole tube coiled with copper wirS 
from end to end, its action would be practically the j 
same as though the copper wire wore gathered together 
in small numbers at distant intervals. If, for example, i 
I count the number of turns in a centimetre length of 1 
the actual tubular coil, which I used in my first experi- 
ment, I find there are four. Now if, instead of having 
four wires distributed otlt the centimetre, 1 had one 
in the middle of that space to carry four 
p the current, the general effect would be the sa 
^iagrara (Fig. 00) is calculated out on the bu^ 
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position that the e£tect will be not greutlj different tti^H 
the wires were aggregated in that way, and it is easier 
to calcniate. If, beginning at the end of the tube 
marked ,), we take the wires over the first centimetre of 
length and aggregate them, we can draw a curve, 
marked 1, for the effect of that lot of wires. For the 
next lot we could draw a similar curve, but instead of 
drawing it on the horizontal line we will add the several 


heights of the second curve on to those of the first, aud 
that gives the curve marked 2; for the third part add 
the ordinatee of another similar carve, and so gradually 
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Fio. 60.— AtmoH Of Ti'HnLiH Coiu ^^^| 

build up a final curve for the total action of this tubu- 
lar coil on a unit pole at different points along the axis. 
This resultant curve begins about 2| diameters away 
from the end, rises gently, and then suddenly, and then 
turns over and becomes nearly flat with a long level 
back. It does not rise any more after a point about 2i 
diameters along from A; the curve ut that point be- 
comes practically flat, or does not vary more thini about 
one per cent,, however long the tnbe may be. For ex- 
ample, in a tubular coil one inch in diameter and 20 
inches long, there will be a uniform mngnetic field for 
about 15 inches along the middle of the coil. In a 
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^H>uliir cail three centimetres iu diiimeter and 4Q| 
^^ktlmetres long, tbero will be a, uniform miignetic Helm 
^^k about d'i centimetres along the middle of the coibj 
^Hte meaning of this ia thiit the value of the magnetie 
^^Koea down the axis of that coil begins outside the 
^Hmth of the tube, increases, rises to a certain nnixt- 
^Hbm amount ii little within the mouth of the tube, and. 
^H^ that is perfectly constant nearly all the way alonj 
^^n tube, and then falls off Bymmetrically as you get 
^^B other end. The ordinates drawn to the curve repi 
^Bietit the forces at corresponding points along the iixis 
^Htthe tube, and may be taken to represent not simply 
^Kp magnetizing force, but the pull on a magnetic pole 
^Bthe end of an indefinitely long, thin eteel magnet oC. 
^Hsd strength, 

^^pbe rule for calculating the intensity of the magnetii 
^^Hee at any point on the ails of the long tubular coil m 
^Bthis region where the foree is uuifurm is : H =— t X thi 

^^■^>6re turns per centimetre of length. And, as 
^^BbI magneti;ting power of a tubnlar coil is proportio 
HBt only to the intensity of the magnetic force at any poi 
^^it also to the length, the integral magnetizing effect o 
piece of iron that is inserted into the coil may be taken a 
practically equal to -- t x the total number of atnpfir 

in that portion of the tubular coil which Hurrounds thq 
iron. If the iron protrndes aa much as three diamet«ra a 
both ends, the total magnetizing force is simply - 
whole number of amptre turns. 

_ Now that case is of course not the one we are usuaLl*] 
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dealing with. We cuinot proonre steel magnebii 
unalterable poles of fixed stren^h. Even thebsul 
steel magnet, magnetiied ao as to give us a pemori 
pole near or at the end of it— quite close up to thed 
of it-when yon put it into a magnetising coit-beeoM 
by that fact further magnetiaed. Its pole beem 
HtrtMi^nhened as it is drawn in, so that the can da 
unalterable pole is not one which can actnaUy be i^ 
iml. One does not usually work with steel; one w(«b 
with soft iron plungers which are not magnetised at d 
whon at a distance away, but become magnetiied in b 
lu t of being placed at the mouth of the coil, and wlriA 
lM>tM>mo more highly magnetised the farther they go ii 
1Mu»y tond, indeed, to settle down, with the ends p» 
liMHiinir oqnftlly, for that is the position where theymoik 
tirjirly roniplote the magnetic cironit; where, therefore, 
iluN jnvniost completely and highly magnetized. A^ 
, ..nlniMJv wo liave this fact to deal with,.and whatever 
...IN 1.,. tlio ina<rnotizing forces all alon^ the tnbe, the 

'. n-in of llio entering core will increase as it ffoes 

\\ r must <lierefore have recourse to the following 
, I n I r: We will ooiistriiet a curve in which we wiD 

nnply the magnetizing forces of the spiral at 
p,»inls. but the product of the magnetizing 
' \^^^^^ \}w ina^notlsm of the core which itself in- 

. \\\v rxm' moves in. The curve with a flat top 
' " 1 t«on«|M to an ideal case of a single poleof 
" '"» i.xM.ih We wish to pass from this to a curve 
'^'^"' i'il »'|Mr"4,»nt a real case, with an iron core. 
''*' ''■ 'ill m.pu..o that we are using a very long core, 
'«>iig ihut \\\\x\\\ the froD^ s entered the 
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coil the other end is still a long way off. With an iron 
core of course it depends on the size and quality of the 
iron as to how much magnetism you get for a given 
amount of magnetizing power. When the core has en- 
tered up to a certain point you have all the magnetizing 
forces up to that point acting on it; it acquires a cer- 
tain amount of magnetism, so that the pull will neces- 
sarily go on increasing and increasing, although the in- 
tensity of the magnetic force from poiut to point along 




A O B 

Fio. 61. — Diagram op Force and Work op Coil-and-Plungkr. 



the axis of the coil remains the same, until within 
about two diameters from the far end. Although the 
magnetic force inside the long spiral remains the same, 
because the magnetism of the core is increasing, the 
pull goes on increasing and increasing (if the iron does 
not get saturated) at an almost uniform rate all the 
way up until the piece of iron has been poked pretty 
nearly through to the distant end. In Fig. 61 a tubu- 
lar coil, B A, is represented. Suppose a long iron core 
is placed on the axis to the right, and that its eii.<l v^ 
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gradiiully brought up toward B. When it arrives at J 
thti pull becomes seusible, and iiicreaees at first rapidly, 
as the core enters the month of the tube, then gently, 
US the core travela along, attuiiiing a maximum, C, 
abont at the further end, A, of the tube. When it ap- 
primches to the other end, A, it comes to the region 
where the magnetizing force falls off, but the magnetigm 
is Btill going on increasing, becnnse something is still 
being added to the total magnetizing power, and theae 
two effects nearly balance one another, so that the pull 
arrives at the muximnm. This is the highest point, C, 
on the curve ; the greatest pull occurring jost as the end 
of the iron core arrives at the bottom or far end of the 
tubular coil ; from which point there is a very rapid 
falling oft. The question of nipidity of descent from 
that point depends only on how long the core is. If 
the core is a very long one, so that its other pole is stOl 
very far away, you have a long, slow descent going on 
over some three diameters, and gradually vanishing. 
If, however, the other pole is coming up within measur- 
able distance of B, then the curve will come down more 
rapidly to a definite point, -Vi. To take a simple case 
vrhere the iron core is twice us long as the coil, its curve 
will descend in pretty nearly a straight line down to n 
point such that the ende of the iron rod stand out 
equally from the ends of the tube. 

Precisely similar effects will occur in all other cases 
where the plunger is considerably longer than (at leaet 
twice as long iis) the coil surrounding it. If you take a 
different case, however, you will got another effect. 
Take the ease of a plunger of the same length as the 



LRCTURE8 ON THE ELECTROMAGNET. 



237 



^^^B.then this is what uecessarily happens. At first the 
^^^Kta are much the name; hut hb goon us the core bus 
PBpfered about half, or a little more than half, its length 
■•yon begin to have the action of the other pole that ia 
"'left protruding outside tending to pull the plunger 
P back ; and although the magnetizing force goea on in- 
P oreasiug the further the plunger enters, the repulsion 
P exerted by the coil on the other pole of the plunger 
P beeps increasing still faster as this endnears tho mouth 
f of the coil. In that case the maximum will occur at a 
*" point a little further than half way along the coil, and 
^ from that point tho curve will descend and go to zero 
f ftt Af' that is to say, there will he no pull when both 
ends of the plunger coincide with the two ends of the 
coil. If you take a plunger that is a little shorter than 
the coil, then you find that the attraction comes down 
to zero at an earlier period still. The maximum pnll 
occurs earlier, and so does tho reduction of the pull to 
aero; there being no action at all upon the abort core 
when it lies wholly within that region of the tube within 
which the intensity of the magnetic force is uniform. 
That is to say, for any portion of this tube correspond- 
ing to the flat top of the curve of Fig. fiO, if the plunger 
of iron is so short as to Jie wholly within that region, 
then there is no action upon it; it is not pulled either 
way. Now these things can bo not only predicted by 
the help of such a law as that, but verified by experi- 
ment. Here ia a set of tubular coiis which we use at 
the Finsbury Technical College for the purpose of veri- 
fying these laws. There in one here about nine inches 
long, one about iialf that length, another just a quarter. 
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They are all made alike in this way, that thejhaTeet 
aftly the same weight of copper wire, cut from the as 
hank, upon them. There are, of course, more tnrns« 
the long one than on the shorter, because nith ^ 
fthorter ones each turn requires, on the avemge, a lazja 
amount of wire, and therefore the same weight of viR 
will not make the same number of wiudings. We use 
that very simple apparatus, a Salter's bahince, to me» 
ure the pull exerted down to different distances 011 
cores of various lengths. Yon find in eyery case tbe 
pull increases aiid becomes a maximum, then dimin- 
ishes. We will now make the experiment, taking fint 
a h)n^^ ])lunger, roughly about twice as long as thecoiL 
^i'he pull increases as the plunger goes down, and the 
niaxininin pull occurs just when the lower end gets to 
th(? liottoin; beyond that the pull is less. Using the 
s:iiri(f pliinjjfcr with tliese shorter coils, one finds the 
HAWw tliiij«(, ill fact more marked, for we have now a 
rorc wliirli is more than twice the length of the coil. 
So wr HihI, inking in jill these cases, that the maximum 
I HI 1 1 (Mciirs not when the i)lunger is half way in, as the 
lnM>ks s:iy, i)ut wlioii the bottom end of it is just begin- 
iiiiit^ l(» conH' out through the bottom of the coil that 
wr :irr llsill^^ If, however, we take a shorter plunger, 
I he rrsiilt is (IifT(Tent. Here is one just the same length 
MM I hr roil. With this one the maximum pull does occur 
when liir core is about half way in; the niaximum pull 
i;-. |ii;:l :ihoiit at tlio middle. Again, with a very short 
. nil' here is one a])out one-sixth of the length of the 
full (he inaxiniuni pull occurs as it is going into tbe 
inoiilh of th(^ coil; and when both ends have gone in so 
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rJiBr that it gets into the region of equable magnetic field 

i|ithere ia no more pull on one end than on the other; one 

^.Qod is trying to move with a certain force down the 

utobej and the other end ia trying to move with exactly 

equal force np the tube, and the two balitnce one an- 

1 ;Other. If we curry that to u still more extreme caae, 

I .and employ a little round ball of iron to explore down 

the tube, you will find this curiona result, that the only 

place where any pull occurs on the bull is just as it 

is going in at the mouth. For about half an inch in 

the neck of the coil there is a pull; but there ia no pull 

down the interior of the tube ^t all, and there is no 

measurable pull outside. 

Now these actions of the coil on the core are capable 
of being viewed from another standpoint. Every en- 
gineer knows that the work done by a forue hua to be 
measured by multiplying together the force and the 
distimce throngh which its point of applic 
iorward. Here we have a varying force acting over a 
certain range. We ought, therefore, to take the amount, 
of the force at each poiut, and multiply that by the ad- 
jacent little bit of range, averaging the force over that 
'range, and then take the next value of force with the 
next little bit of rauge, and so consider In amall portions 
the work done along the whole length of travel. If we 
call the length of travel x the element of length must 
be called lij: Multiply that by/, the force. The force 
multiplied by the element of length gives us the work, 
dw, done in that short rauge. Now the whole work 
over the whole travel is made up of the sum of such 
elements all added together; that is to say, vre have to 
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take all the various values of/, multiply each by its 01^ 
ehurt range <h, and the sum of all those, writing /^ I 
the sum, would be equal to the sum of all the woi| 
that ia to say, the whola work done in putting the tlili 
together will be written: 



1 = /"/ '^■K. 



Now what I want you to tliink about is thia: 
say, ia a coil, and there is a distant core. Though thi 
is a current in the coil, it is so far away from the a 
that practically there is no action; bring them nee 
and nearer together; presently they begin to act o 
another; there is a pull, which increases kb the core e 
tera, then comes to a maximum, then dies away as 1J 
end of the core begins to protrude at the other s 
There is no further jmll at all when the two ends etancT 
out equally. Now there has been a certain total 
amount of work done by this apparatus. Every engineer 
knows that if we can ascertain the force at every point 
along the line of travel the work done in that travel id 
readily expreased by the area of the force curve. Think 
of the curve -Y CA'i, in Pig. 61, the ordinates of which 
represent the forces. The whole area underneath this 
curve represents the work done by the system, and 
therefore representa equally the work you would haf 
to do upon it in pulling the system apart. The a 
under the curve represents the totul work done i 
triicting in the iron plunger, witb a pull distributed o 
the range XXi. 

Now I want you to compare tliat with the ci 
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:3_-dl©ctromagnet where, instead of having this distributed 
pull, you have a much stronger pull over a much shorter 
miige. I have endeavored to contrast the two in the 
other curves drawn in Fig. 61. Suppose wo have our 

—coil, and suppose the core, instead of being made of one 
rod such as this, were made in two parts, so that they 
could be put together with a screw in the middle, or 
fastened together in any other mechanical way. Now 
first treat this rod as a single plunger, screw the two 

- parts together, and begin with the operation of allow- 
ing it to enter into the coil ; the work done will be the 
area under the curve which we have already considered. 
Let us divide the iron core into two. First of all put 
in one end of it ; it will be attracted up in a precisely 
similar fashion, only, being a shorter bar, the maximum 
would be a little displaced. Let it be drawn in up to 

] half way only; we have now a tube half filled with iron, 

and in doing so we shall have had a certain amount of 

work done by the apparatus. As the piece of iron is 

shorter, the force curve, which ascends from X to Yi, 

will lie a little lower than the curve XCXi ; but the 

area under that lower curve, which stops half way, will 

be the work done by the attraction of this half core. 

Now go to the other end and put in the other half of 

the iron You now have not only the attraction of the 

tube, but that of the piece which is already in place, 

acting like an electromagnet. Beginning with a gentle 

attraction, it soon runs up, and draws the force curve to 

a tremendously steep peak, becoming a very great force 

when the distance asunder is very small. We have 

therefore in this case a totally dififerent curve made \j.^ 
i6 
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of two parts, i\ part for the putting in of thefirstis^l 
of i\w core, and u steeper part for the seeoTid; ktii 
nt't result is, we have the same quantity of ironnflr' 
ni'lized in exactly the same manner by the same quit' 
tity of electric current running round the sameameit:! 
of copper wire— that is to say, the total amount of foit 
done ill these two cases is necessiirily equal. Wkdicl 
you allow the entire phingerto come in by agentlep^' 
over a loii<r nmge, or whether 3-0U put the core in in tic 
pieces -one i)art with a gentle pull and the other 1* 
a sudden si)ring up at the end — the total work mm^ 
the same; that is to say, the total area under onrtfii 
new curves must be the same as the area under theoH 
curve. The advantage, then, of this coil-and -plunger 
niiiho.l of emidoying iron and copper is, not that it gets 
:inv mow wmk out of the same expenditure of ener?v. 
l>ui liiMt it (lisiril)utcstlu^ pull over a considerable range. 
Ii ilots iM.t, however, equalize it altogether over the 
rnn^e of inivel. 

A nuinl)er()f experimental resejirches have been made 
l'rt>m time (o lime to ehicidato the workino- of the coil- 
:m.l I'lunpT. llankeljiu 1850, examined the relation 
l»ei\\,tMi \\w pull ill a <rivon portion of the plunger ami 
I he txriiini;- pi)\ver. He found that, so lono- as the irou 
.-.Me wMs so tliiek and the oxcuting power so small that 
niM::neti/:ilion of tlie iron never approached saturation. 
ih(^ pull WMS pro])ortional to iiie square of the current. 
.ni.l WMS mIso proportional to tlio square of the number 
ol turns o( wire. Putting these two facts together, we 
;:ei ilio ruU' -which is true only for an unsaturated core 
m .1 i;i\en position — that the p^ ^ortional to the 
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G of the ampere tnina. Tliis might hiive been e 

id, for the inagnetisin of the iron core will, under 

VaBBumptioDS made above, be proportional to the 

e turns, and the intensity of the magnetie field in 

1 it ia placed being also proportional to the amptire 

hi, the pull, which ia the product of the magnetism 

pof the intensity of the field, ought to he propor- 

1 to the aquare of the ampere turns. 
hit, who examined cores of different thicknesses, 

iai the attraction to vary as the square root of the 

^^ameter of the core. His own experiments ahow that 
I this is inexact, and that the force is quite as nearly pro- 
portional to the diameter as to its square root. There 
is agiiin reason for this. The magnetic circuit consists 
largely of air paths by which the mugnetic lines flow 
from one end to the other. As the main part of the 
magnetic reluctance of the circuit is that of the air, 
anything which reduces the air reluctjince incresses the 
magnetiziition, and, consequently, the pull. Now, in 
this case, the reluctance of the air paths is mainly gov- 
erned by the surface exposed by the end portions of the 
iron core. Increasing these diminishes the reluctance, 
and increases the magnetizalion fay a corresponding 
amount. Von ffaltenhofeo, in 1870, compared the at- 
traction exerted by two equal (short) tubular coils on two 
iron cores, one of which was a solid cylindrical rod, and 
the other a tube of equal length and weight, and found 
the two to be more powerfully attracted. Doubtless, the 
i of the increased service in diminishing the reluc- 
^ of the magnetic circuit explains the cause of the 
ration. 
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gruduully brought up toward B. When it arriTeiitl' 
the ])ull becomes sensible, and increases at first npJD^ 
as the core enters the mouth of the tube, then genftf, 
as the core travels along, attaining a maximim, ( 
about at the further end. A, of the tube. When%4' 
proaches to the other end, A, it comes to the le^ 
M'here the nuignetizing force falls o£F, bnt the magnete 
is still going on increasing, because something is iffl 
being added to the total magnetizing power, and ihM 
two effects nearly balance one another, so that the jA 
arrives at the maximum. This is the highest poiniCl 
on the curve ; the greatest pnll ocoamng jnst as fhecnl 
of the iron core arrives at the bottom or far end of tb 
tubular coil ; from which point there is a yeiy ivpi 
falling off. The question of rapidity of descent troB 
that point depends only on how long the core is. B 
the core is a very long one^ so that its other pole is still 
very fnr away, you have a long, slow descent going cm 
over solium three diameters, and gradnally vanishing. 
If, liowever, the other pole is coming up within mea8a^ 
uhh^ distance of //, then the curve will come down more 
rapidly to a definite point, J^i. To take a simple caw 
where the iron core is twice as long as the coil^ its curve 
will descend in pretty nearly a straight line down tea 
point Kuch that the ends of the iron rod stand out 
e({ually from the ends of the tube. 

Precisely similar eifects will occur in all other casM 
where the plunirer is considerably longer than (at lesat 
twice as long as) the coil surrounding it. If yon takes 
diiTerent ease, however, you will get another eflSsot 
Take the case of a plunger of the same length as iha 
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Von FoilitzBcli compared the action of a tubular coil 
npon » plunger of soft iron with that exerted by the 
same coil upon a core of hard magnetized steel of equal 
dimensious. The plungers (Fig. 63) were eaeh 10.1 cen- 
timetres long, the coil being 
8 29.5 centimetres in length 

ll and 4.2 in diameter. The 

U steel miignet showed a maxi- 

«o-sA^ ,-., mum attraction when it had 
B P^^^^'. 1 plunged to a depth of five 
centimetres, while the iron 
core had its maximum at a 
depth of seven centimetres, 
doubtless because its own 
magnetization went on in- 
creasing more than did that 
of the steel core. As the uni- 
form field region began at a 
depth of about eight centime- 
tres, and the cores were 10.1 
centimetres in length, one 
would expect the attracting 
force to come to zero when 
the cores had plunged in to a 
' depth of about 18 centime- 
tres. Ab a matter of fact, the 
zero point was reached a little earlier. It will be noticed 
that the pull at the maximum was a little greater in 
the case of the iron plunger. 

The most careful researches of late years are those 
made by Dr. Theodore liruger, in 1886. One of his re- 




Fio.BS.— VoNFBLrrzscH'i 



LKCTITRES ON THE KLECTROMAGNBT. 



245 



searches, ia which a cylindrical iron plunger was nsed, 
is represented by two of the curves in Fig. 63. HeuBed 
two coils, one 3J centimetres long, the other seven cen- 
timetres long. These are indicated in the bottom left- 
hand comer. The exciting current was a little over 
eight amperes. The cylindrical plunger was 39 ceuti- 
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metres long. The plunger is supposed, in the diagram, 
to enter on the left, and the number of grammes of pull 
is plotted out opposite the position of the entering end 
of the plunger. As the two curves show by their steep 
peaks, the maximum pull occurs just when the end of 
the plunger begins to emerge through the coil, and the 
pnll oomes down to zero when the ends of the cora ^i:<v 
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trude equally. In this figure the dotted curves relsti 111 
tho use of the longer of the two ooila. The beifhiil 
tho |)(!ak, with the coil of double length, is neailylicl 
tiitivK UH grvtit, there being double ampt^re turns ota 
cititlion. In some other experiments, which sreplBtiil 
in Fig. G4, the eauiB core was used with a tnbnlarcdillll 
ovntimetree long. Using curreuts of various streiigtkl 
1.5 ampere, 3, 4.8, B, or S amperes, the pull is of cmi»l 
different, but broiidly, yon get the same effect, tlistlta^ 
luaxitnum jiuU occurit just where the pole 1 
come out tit the far cnil (if the tubular coil. Therew ■ 
eligfat differences; with the BmallGBt amonnt of enmiit 1 
Ihe maximum ia exactly OTer the end of the tuhe.lini I 
with currenta rather larger the maximuni point coniffl I 
» little farther buck. When the core geta well aaturalt^ 1 
the force curve does not go on rising so far; it beginf 
to turn over at an earlier stage, and the masimnm pb'^c 
is iicccBsurily displaced a little way back from the end 
of the tnbo. That was aJso observed by Vou Waliei)- 
hofuu when using the steel magnet. 

KPFBCT OP USING OONBD PLTTNGERS. 

Hut now, if, instead of employing a cylindrical core, 
you employ one that ia pointed, you find this completely 
alters the positiou of the m:iximnm pull, for now the 
I'oiiit is insufficient to carry the whole of the magnetic 
linos whicli nre formed in the iron rod. They do not 
I'l.ino cut at the point, but filter through, bo to apeak, 
ith'iiU Ihc aides of the core. Tli^^jop where the mag- 
uclie lines come up through jj^^Hbto the air ia no 
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longer n definite "pole" at or near the end of the rod, 
but is diafcributed over a cousiderable surface; coEse- 
quentlj when the point begins to poke its nose out, joa 
Btill huve A larger portion of iron up the tube, and the 
pull, instead of coming to a maximum at that position, 
IB distributed over a wider range, I am now making 
the experiment roughly with my spring balance and a 
conieal plunger, and I think you will be able to notice 
a marked diSereuce between this case and that of the 
cylindricid plunger. The pnll increases as the plunger 
enters, but the maximam in not so well defined with a 
pointed core as it is with one that is flat ended. This 
essential difference between coned plungers and cylin- 
drical ones was discovered by an engineer of the name 
of Krisiik, who applied his discovery in the mechanism 
of the Pilsen arc lamps. Coned plungers were also ex- 
amined by Brugor. In Pig. 63 are given the curves that 
correspond to the use of a coned iron core, as well as 
those correBpoudiug to the use of the cylindrical iron 
rod. You will notice that, as compared with the cylin- 
drical plunger, the coned core never gave so big a pull, 
and the maximum occurred not as the tip emerged, hut 
when it got a very considerable way out ou the other 
side. So it ia witli hotli the shorter and the longer coil. 
The dotted curves in Fig. 64 represent the behavior of 
a coned plunger. With the longer coil represented, and 
with various currents, the maximum pnll occurred when 
the tip had come a considemble way out; and the posi- 
tion of the maximum pull, instead of being brought 
nearer to the entering end witli a Iiigh magnetizing 
current, was actually caused to occur further down. The 
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range .of action became extended with large curreni» as 
compared with small ones. Bruger also investigated 
tlie case of cores of very irregular shapes, resembling, 
for example, the shank of a screw-driver, and found a 
very curious and irregular force curve. There is a good 
deal more yet to be done, I fancy, in examining this 
question of distributing the pull on an attracted core by 
altering the sliape of it, but Bruger has shown us the 
way, and we ought not to find very much diflBculty in 
following him. 

OTHER MODES OF EXTENDING RANGE OF ACTION. 

Another way of altering the distribution of the pull is 
to alter the distribution of the wire on the coil. In- 
stead of having a coned core use a coned coil, the wind- 
ing being heaped up thicker at one end than at the 
other. Such a coil, wound in steps of increasing thick- 
ness, has been used for some years by Gaiffe in his arc 
lamp; it has also been patented in Germany by Leu- 
pold. M. Treve has made the suggestion to employ an 
iron wire coil, so to utilize the magnetism of the iron 
that is carrying the current. Treve declares that such 
coils possess for an equal current four times the pulling 
power. I doubt whether that is so; but even if it were, 
we must remember that to drive any given current 
through an iron wire, instead of a copper wire of the 
same bulk, implies that we must force the current 
through six times the resistance; and, therefore, we 
shall have to em2)loy six times the horse power to drive 
the same current through the iron wire coil, so that 
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there is really no gain. Again, a euggestion has heen 
made lo iucloae in au iron jiicket the coil employed in 
this way. Irou-cliid solenoids have been employed from 
time to time. But they do not increase the range of 
action. What they do is to tend to prevent the falling 
off of the internal pnll at the region within the mouth 
of the coil. It equalizes the internal pull at the expense 
of all estemal action. An iron-clud solenoid has prac- 
tically no attraction at all on anything outside of it, not 
even on an iron core placed at a distance of half a diam- 
eter of the aperture; it is only when the core is inside 
the tube that the attmetion begins, and the nniguetiz- 
ing power is practically uniform from end to end. Last 
year I wished to make use of this property for some 
experiments on the action of magnetism on light, and 
for that purpose I had built, by Messrs, Putcrson and 
Cooper, this powerful coil, which is provided with a 
tubular iron jacket outside, and a thick iron disc per- 
forated by a central hole covering each end. The mag- 
netic circuit around the exterior of the coil is pnietically 
completed with soft iron. With this coil, one may take 
it, there is an abaolutely nniform naagnetic field from 
one end of the tube to the other; not falling off at the 
ends as it would do if the ningnetic circuit had simply 
an air return. The whole of the ampere turns of ex- 
citing power are employed in magnetizing the central 
apace, in which therefore the tictiona are very powerful 
and uniform. The coil and its uses were described in 
my lecture last year at the Koyal Institution on "Opti- 
oal Torque." 
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lit) I^TTRES OS THE ELECTRO JfAG>Trf. 

MuMFirATIOVS OP THE roiL-AXD-PLUV. Z^. 

In ^-ri*? v:irietT of the coil-and-plnnger meii-biii^ 
^•?i ••ri'L '.- i\ is wound on the plunger. HjOrth ::=^:"^ 
r::«.*«i:d'*:itk»n, and the same thing has heen emr.;'^::! 
^♦rvrnil nrr Irimps. There is a series of drawing? :'•"- 
thii w ill .i^-picting the mechanism of ahont & i'^ 
iif-r^r-r.t furms of arc lamp, all made bv Messrs. te- 
r.'i :i:. I rMof>t-r. In one of these there is a i>zi? 
with :i ••il on it «lrawn into a tubular coil, theenr^r 
rtuwir::: -ill' . » s-ively through both coils. In ano:>^ 
tlivr^.- :trt' twu separate coils in separate circuits, one :' 
tiiiri wirt.- ar.d one of thick, one being connected z 
>triv/? with the arc, and one in shunt. 

PIFFEKEXTIAL COIL-AND-PLUXGER. 

T.-rv ^ :i thin! «lrawing here, showing the amnge- 
!!.- • : wiii-ii wa-s oricrinally introduced bv Siemer:-. 
'»v ■ ' >::: a ^luiiLrt-r is drawn at one end into the coil tba: 
> :\ :\v iiuiiu <-ireuit, and at the other end into a coil 
:"..' :- in >riuTit. That diflerential arraiio-emeiit lias 
• • ::a::L pcruliar pr(»2>t*rti(\s of which I must not now 
-'i-;- Im <pcak in detail. It is obvious that where one 
»■«■:♦' }'li;iii:es its <»p2>osite ends into two coils, the niair- 
luri/atiMii will de})end on both coils, and the resultant 
}'nil will not be simply the difference between the pull 
nt the two coils noting each separately. There is, how- 
t'Vrr, another differential arrangement, used in the 
IWorkic-Pidl and other arc lamps, in which there are 
two separate jd lingers attached to the two ends of a 
.V//-.S7///' h'ver. In this case th {netizing actions 
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are Beparato, In a third differential arrangement there 
' IB but one plunger and one tubular bobbin, upon which 
• are wound the two coils, differentially, bo that the 
I action on the plunger ia simply dne to the diSereuee 

I between the ampure tnrns circulating in the two ecpa- 

t late wires. 

COIIr-AND-PLUNHEB COIL. 

When one abandons iron altogether, and merely nsee 
two tubular coils, one of wide diameter and another of 
narrower diameter, capable of entering into the former, 
and passes electric currents through both of them, if 
the ourrentB are circuiiitiug in the same fashion through 
both of them they will be drawn into one another. 
This arraugembnt has also been used in arc lamps. 
The parallel currents attract one another inversely, not 
as the square of the distance, but approximately as the 
distance. This is one of those little details about which 
it is as well to be clear. About once a year some kind 
friend from a distance writes to me pointing ont a little 
slip that he says occurs in my book on electricity, in 
the passage where I am speaking about the attraction 
of par.illet wires. I have made the terrible blunder of 
leaving out the word square; for I say the attraction 
varies inversely as tho distance, and my readers are 
tind enough to correct me. Now when I wrote that 
passage I consiilered carefully what I had to write, and 
tho attraction does not vary inversely aa the square of 

■distance, because two parallel wires do not act on ^h 
jinother as two points. They act as two straight ^H 
i, or two parallel lines, and the attraction between ^^| 
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ll Hewing machiuea. A vury Bimilar form is usej in AVea- 
ton's aro lamp. A form of plunger electromagnet iu- 
vemted by Ilolioyd Smith m IS resembles Fig Go lu 
verted the coil being Burrouiided by an iron jicket 
while a plunger fumiBhed at the top with an iion dieo 
descends down the central tube to meet the iron at the 
bottom 

Then there is another variety of which I was able to 

■ show an example Ust week hy the kindneas of the 

I Brash Compmv namil^ 

I the plunger electromi^n i r 
employed m the Brii li 
lampa A couple of tiii itl u j 
coils receii b each an iron 
plunger connected together 
by a yoke while above the 
magnetic Lircuit is partially 
completed by the hhttt of 
iron which forms pat t of the 
inclosing box, \ou have ^ 
here, also, the advantage of 
a fairly complete magnetic circuit, together with a com- 
paratively long travel of the plunger and coil. It is a 
fair compromise between the two ways of working. 
The pull is not, however, in any of these forma, equal 
all along the whole range of travel; it increases as the 
magnetic circuit becomes more complete. 

There are several other intermediate forms. For ex- 
ample, one inventor, Gaiser, employs a horseshoe elec- 
tromagnet, the cores of which protrude a good distance 
1 the coils, and for an armature he employe a 
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|iiiTf i)f slioot iron, bent round so as to makeatiUnil 
iwii uiliirt, wliifli inclose the poles, and are drawn dmi 
iivir tlicni, Contnist with this design one of mAt 
(Mili.T ihxU- by an engineer, RolofF, who made h 
ii'imiiifrin'ts with iron cores not standing out,l)iitani I 
ln-ldw tlic lyvel of the ends of the coils, while the am* I 
tiiri' ttiiH fiirniKlied with little extensions thatpaawl 
down into tlii'se projecting tubular ends of thecoikf 
Some arc lamps have magnets d I 
precisely that form, with a slwn I 
plunger entering a tubuUr col, I 
imd met half-way down by a short I 
fixed core inside the tube. 

Here (Fig. 67) is one form ot | 
tubular iron-clad electroinagiet 
th:it deserves a little more atten- 
tion, being the one used by Messrs. 
Ayrtim Jind Perry in 1882; u coil 
h;is iiTi iron jacket round it, Jind 
whi' iiri ^mnnliir iron disc ji cross thf 
tup. ;irul an unimlar iron disc across 
the lii.ttum, there being also a sliori 
Ji cxtcJidiu},' 11 little way down from 
■I'tiiiti iuiotlier short internal tube of 
iron coniiiif! ii]) I'loui Die bnttijin. The magnetic efioct 
of tlic inirloscd (iiiiijicr I'oil i.s concentrated within an 
cxlrcnicly Mhurt s]i!icc, lictwt't-n the ends of the inteniiil 
tiibvN, where lliefe ij:a wonderfully strong uniform field. 
The viihgc <i! aetidii yiiu enn ;dter just us you please 
in the coUfitruetioii by sliorteiiitig or lengtbeuing the 
internal tubes. An ii'uu rod inserted below is drawn 
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great power and equ:ility of pull over tho range ^^| 
one end to the other of these internal tabes. ^H 

nS OP MAQKETIO FIELD ON SMALL IRON BPHERE, ^H 
dctiliDg with the actioi) of tubular coils upon iron ^H 
, I showed how, when a very short core is placed ^H 
HI n uniform magnetic field, it is not drawn in either 
direction. The most extreme cuae is where a small 
sphere of soft iron is employed. Such a sphere, if 
placed in even the most powerful magnetic field, does 
not tend to move in any direction if the field is truly 
nniform. If the field ia not uniform, then the iron 
sphere always tends to move from the place where the 
field is weak to a place where the fiuld is stronger. A 
ball of bismuth or one of copper tends, on the contrary, 
to move from a place where the field is strong to a 
place where the field is weaker. This is the explanation 
of the actions called " dia-magnetic," which were at one 
time erroneously attributed to a supposed dia-magnetic 
polarity opposite in kind to the ordinary magnetic 
polarity. A simple way of stating the facts is to say 
that a small sphere of iron tends to move up the slupe 
of a magnetic field, with a force proportional to that 
slope; while (in air) a sphere of bismuth or one of 
copper tends, with a feeble force, to move down that 
slope; any small piece of soft iron — a short cylinder, 
for example — shows the same kind of behavior as a 
small sphere. In some of Ayrton and Perry's coiled- 
ribbon omp^re-meters and voltmeters, and in some of 
Sir William Thomson's current meters, this principle 
is applied. 
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this hfat. llx|K»rioiu*o sliows tluit the under layerj^.1 
inil> of fliM'trninagiiet« alwjiys attain a higher \m\^j\ 
tun- than tlmso at the surface. If, therefore, the iniiel 
l;iy. IS wrvv to he wound with liner wire, offering hiifi' 
n-iMainr, and ^'eneniting more lieat than the or£ 
l.i\.T-. this triidenfj to overlioating would W at 
II). .r." a««r?ituatc(l. Indeed, it would seem vise raiiie 
I.. rr\«T>r the <rnlvanonieter jihin, and wind eleetroiiuf 
ini> witli win's iliat are stouter on the inner laveKSJi 
lihtr (lu tlir outer hivers. 

ft 

^'«t anoilur mode of winding is to employ seveii 
wir»< uiiiicd in iiarallel, a 8e2)arate wire being usedfis 
farli iMver, tln'ir anti'rior extremities being all soldered 
tnijcihcr at one end of the coil, and tlieir posterior ei- 
tn-miiics hrin;: all soldered togetlier at the other. 
MaLMM'iirally, this mode of M'inding presents not tne 
>liL'-liic.M ail\;iiil:ii!-e over winding with a sinHe stoiii 
wire of <'<|iii\:ilr!ii Section. Bnt it has lately been (iii* 
i-nvcriMl that \\\\< mode <>f ^vindiTlg wit li y///^//?)//'' «'iV: 
|)o>M'.-.-t's (»iir iii('i(h'iilal advantage, namely that its u?^' 
diniinislirs tlie tendency to sparking which occurs at 
hreak ol* circuit. 



i:xti:n>io\ of kan(;h ijy oblique appkoacu. 

I now })ass to the means whieh haye heen suiiffosted 
for extending!: the ran.ir(^ of motion, or of modifviiiir it^ 
amount at difTerent ])arts of the range, so as to ecjualize 
the vei'v uncfjuahlc pull. '^Fhere are several such de- 
vices, some elect i-iea], others ])urely nieclnmicah otlu-rs 
eleetro-meeluniical. First, there is an eleetrieal method. 
Audre proposed that, as soon m^ the armature has he""un 
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3iig the bobbin, and winding the wire so as 
Bach of the successive spaces between the parti- 
tions before pasaing on from one space to the next. 
The ease in which this construction is advantageous is 
the unusual case of coils that are to be used with cur- 
rents supplied at very high potentials. For when cur- 
rents are supplied at very high potentials there ia a 
Tery great tension exerted on the insulating material, 
tending to pierce it with a spark. By winding a ooil in 
chisons, however, there is never so greats difference of 
potential between the windings on two adjacent layers 
as there would be if the layers were wound from end to 
end of the whole length of coil. Consequently, there is 
never so great a tension on the insulating material be- 
tween the layers, and a coil so wound is less likely to be 
injured by the occurrence of a spark. 

Another variety of winding has been suggested, 
namely, to employ in the coils a wire of graduated thick- 
ness. It has been shown by Sir William Thomson to 
be advantageous in the construction of coils ot galva- 
nometers to use for the inner coils of small diameter a 
thin wire; then, as the diameter of the windings 
creases, a thicker wire; the thickest wire being used 
the outermost layers; the gauge being thus propor- 
tioned to the diameter of the windings. But it by n 
means follows that the plan of using graded wire, which 
is satisfactory for galvanometer coils, is necessarily good 
for electromagnets. In designing electromagnets it is 
necessary to consiilor the means of getting rid of heat ; 
and it is obvious that the outer layers are those which 
are in the most favorable position for getting rid of 
^7 
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for spinning (jreiasler's vacuum tubes. In these motO 
tiie iron rim ia fixed and the electromagnet rotates. 
The pole of the electromagnet finds itself a certain dis- 
tance away from the iron ring; it tries to get nearer, 
The only way it can get nearer is hy swinging round, 
and so it gmduully approaches, and as it approaches 
the place where it is nearest to the internal projection 
of the rim the current is cut off, and it ewings further. 
This mode may be likened to a cam in a mechanical 
movement. It is, in fact, nothing else than an electro- 
magnetic cam. There are other dovicca too, which are 
more like electromagnetic linkage. If yon curve the 
poles or shape them out, jou may obtain actions which 
are like tliat of a wedge on an inclined plane. There 
is an electromagnet in one of Patersori and Cooper's arc 
lamps wherein the pole-piece, coming out below the 
magnet, has a very pecnliar shape, and the armature is 
80 pivoted with respect to tlie magnet, that as the arma- 
ture approaches the core us a whole its surface recedes 
from that of the pole-piece, the effect being that the 
pull is equalized over a considerable range of motion. 
There is a somewhat similar device in De Puydt's pat- 
tern of arc lamp. 

Here ia another device for oblique approach, made by 
Froraent. In the gap in the circuit of the magnet a 
sort of iron wedge is put in, which is not attracted 
squarely to either face, hut eomea in laterally between 
guides. Another of Froment's equalizers, or distribu- 
tors, consists of a parallel motion attachment for the 
armature, so that oblique approach may take place, 
without actual contact. Here (Fig. 68) is another me- 
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Btical metliod of equalizing deviseil by Froment, and 
riaaed by Le Eoux. Yon know the Stanhope lever, the 
I object of whicli is to transform a weak force along a, 
' conaidcnible range into a powerful force of ahort range. 
k Here wc use it backwiird. The armature itself, which 





IB attracted with a powerful force of short range, is at- 
tached to the lower end of the Stanhope lever, and the 
arm attached to the knee of the lever will deliver a dis- 
tributed force over quite a different range. One way, 
not of equalizing the actual motion over the range, but 
of connterbahincing the variable attractive force, is to 
Joy a spring instead of gravity to control the s.cm.ar 
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tiire. So far back as 1838, Edward Davy, in one of his 
telegraphic patents, described the use of a spring (Fig. 
GO) to hold back tlie armature. Davy preceded Morse 
in tlie use of a spring to pull back the armature. There 
is a way of making a spring act against an armature 
more stiffly as the pull gets greater. In this method 
there is a spring with various set screws set up against 




Fio. 70.— Robert Houdin's Equalizer. 

it, and which come into action at different ranges, so as 
to alter the stiffness of the spring, making it virtually 
stiffer as the armature approaches the poles. Yet an- 
other method is to employ, as the famous conjurer Robert 
Iloudin did, a rocking lever. Fig. 70 depicts one of 
Robert Houdin's equalizers. The pull of the electro- 
magnet on the armature acts on a curved lever which 
works against a second one, the point of application of 
force between the one anr^ the other altering with their 
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position. When the armature is far away from the 
pole, the leverage of the first lever on the second lever 
is great. When the armature gets near, the leverage of 
the first lever on the second is comparatively small. 
This employment of the rocking lever was adopted from 
Houdin by Duboscq, and put into the Duboscq arc lamp, 
where the regulating mechanism at the bottom of the 
lamp contains a rocking lever. Here upon the lecture 
table is a Duboscq arc lamp. In this pattern (Fig. 71), 




Fig. 71.— Mechanism op Duboscq's Arc Lamp. 



one lever, B, which is curved, plays against another. A, 
which is straight. A similar mechanism is used for 
equalizing the action in the Serrin arc lamp, where one 
of the springs that holds up the jointed parallelogram 
frame is applied at the end of a rocking lever to equalize 
the pull of the regulating electromagnet. In this lamp 
there is also introduced the principle of oblique approach; 
for the armature of the electromagnet is not allowed to 
travel straight toward the poles of the magnet, but is 
pulled up obliquely past it. 
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I sooth, the armature ia pulled, and on reversing the cur- 
f r-ent the armature ia also pnlled. There is a rather 
, curious old experiment wliich Sturgeon and Heniy 
I Bhowed, that if you have an electromagnet with a big 
r weight hanging on it, and you suddenly reverse the 
. ©nrrent, you reverse the magnetism, but it atill holds 
the weight up; it does not drop. It has not time to 
drop before the magnet is charged up again with mag- 
netic lines the other way on. Whichever way the mag- 
netism traverses the ordinary soft Iron electromagnet, 
the armature is pulled. But if the armature is itself a 
pprmanent magnet of ateel, it will be pulled when tlie 
poles are of one sort, and pushed when the poles are 
reversed — that is to say, by employing re piijrtriztid iirina- 
ture you can secure unidirectionality of motion in cor- 
respondence with the current. One immediate applicti- 
tion of this fiict for telegraphic purposes is that of 
duplex telegraphy. You can send two messages at the 
same time and in the same direction to two diSerent 
sets of instruments, one set having ordinary electro- 
magnets, with a spring behind the armature of soft iron, 
■which will act simply independently of the direction of 
the current, depRuding only on its strength and dura- 
tion; and another set having electromagnets with polar- 
ized armatures, which will be affected not by the strength 
of the current, hut by the direction of it. Accord- 
ingly, two completely different sets of messages may he 
sent through that line in the same direction at the same 
time. 

Another mode of constructing a, polarized device is tO 
y^toch the cores of the electromagnet to a steel mv.'^c^, 
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which imparts to them an initial magnetization. Such 
initially magnetized electromagnets were used by Brett 
in 1848 and by Hjorth in 1850. A patent for a similar 
device was applied for in 1870 by Sir William Thomson 
and refused by the Patent Office. In 1871 S. A. Varley 
patented an electromagnet having a core of steel wires 
united at their ends. 

Wheatstone used a polarized apparatus consisting of 
an electromagnet acting on a magnetized needle. He 
patented, in fact, in 1845, the use of a needle perma- 
nently magnetized to be attracted one way or the other 
between the poles of an electromagnet. Sturgeon had 
described the very same device in the Annals of Bleo- 
tricitij in 1840. Gloesner claims to have invented the 
substitution of permanent magnets for mere armatures 
in 1842. In using polarized apparatus it is necessary to 
work, not with a simple current that is turned off and 
on, but with reversed currents. Sending a current one 
way will make the moving part move in one direction; 
reversing the current makes it go over to the other side. 
The mechanism of that particular kind of electric bell 
that is used with magneto-electric calling apparatus 
furnishes an excellent example of a polarized construc- 
tion. With these bells no battery is used; but there is 
a little alternate current dynamo, worked by a crank. 
The alternate currents cause the pivoted armature in 
the bell to oscillate to right and left alternately, and so 
throw the little hammer to and fro between the two 
bells. 

{h,) Bajndity and Sensitiveness of Action, — For relay 
work polarized relays are often employed, and have been 
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many yoiira. Here on the titble is one of tho poat- 
;e pattern oi standard relay, having it steel magnet 
to give magnetism permanently to a little tongue or 
armitttire which moves between the poles of an electro- 
magnet that does the work of receiving the signals. In 
this purticular case the tongue of the polarized relay I 
works between two stops, and the range of motion is made 
very small in order that the apparatus may respond to 
very small currents. At first sight it in not very appar- 
* flnt why putting n permanent magnet into a thing shoi 
\ make it any more sensitive. Why shouhl permanent I 
magnetism secure rapidity of working ? Without know- I 
ing any tiling more, inventors will tell you that the prea- j 
eiice of a permanent magnet increases the rapidity with J 
which it will work. You might suppose that permsr j 
nent magnetism is something to he avoided in the cores I 
of your working electromagnets, otherwise the arma- | 
tures would remain stuck to the poles when once they j 
had been attracted up. Residual magnetism would, in- 
deed, hinder the working unless yon have so arran 
I matters that it shall be actnally helpful to you. Now I 
for many years it wiia supposed that permanent mag- | 
netiam in the electromagnet was anything but a soi 
of help. It was supposed to be an unmitigated nuisance, 
to be got rid of by all available means, until, in 1855, j 
Hughes showed. UB how very advantageous it was to have ] 
permanent magnetism in the cores of the electromag- 
net. Here {Fig. 51), is the drawing of Hughea' magnet I 
to which I referred in Lectnre III. A componnd per- I 
manent magnet of horseshoe shape ia provided with coUa j 
on ita pole-pieces, and there is a short armature o^tta J 
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B due to any variation in the magnotiu permeability 
of iron at different stages of magnetization, for I found 
that this had something to do with it, but I was quite 
aure it was not all. Prof, George Forbes gave me 
the clue to the true explanation; it lies in the law of 
traction with which you are now familiar, that the pul! 
between a magnet and its armature iB proportional to 
the square of the number of magnetic lines that come 
into action. If we take N> the number of magnetic 
lines that are acting through a given area, then to the 
Bqnare of that the pull will be proportional. If we 
have a certain number of lines, N> coming permanently 
to the armature, the pull is proportional to N '. Sup- 
pose the magnetism now to be altered — say made a little 
more; and the increment be called rfN; 60 that the 
whole number is now H+(^N- The pull will now ho 
proportional to the square of that quantity. It is evi- 
dent that the motion will be proportional to the differ- 
ence between the former pull and the latter pull. So 
we will write out the square of N+^N and the equaro 
of N and take the difference. 






Increased pull, proportional to 
Initial pull, proportional to 
Subtracting; difference is 2 N'^H+f/N*. 

We may neglect the last term, as it is small com- 
pared with the other. So we have, finally, that the 
change of pull is proportional to 2 HdH. The a 
tion of pull between the initial magnetism and the 
initial magnetism with the additional magnetism we 
-b»Te given to it turns out to be proportional not simijl^ 



270 LECTURES ON THE ELECTROMAGNET. 

to the change of magnetism^ but also to the initial num- 
ber H, that goes through it to begin with. The more 
powerful the pull to begin with, the greater is the 
change of pull when you produce a small change in the 
number of magnetic lines. That is why you have this 
greater sensitiveness of action when using Hughes' elec- 
tromagnets, and greater mechanical effect as the result 
of applying permanent magnetism to the electromagnets 
of telephone receivers. 

ELECTROMAGNETIC MECHANISM. 

There are some other kinds of electromagnetic mech- 
anism to which I must briefly invite your attention 
as forming an important part of this great subject. 
Of one of these the mention of permanent magnets re- 
minds me. 

MOVING COIL IN PERMANENT MAGNETIC FIELD. 

A coil traversed by an electric current experiences 
mechanical forces if it lies in a magnetic field, the force 
being proportional to the intensity of the field. Of this 
principle the mechanism of Sir Wm. Thomson's siphon 
recorder is a well-known example. Also those galva- 
nometers which have for their essential part a movable 
coil suspended between the poles of a permanent mag- 
net, of which the earliest example is that of Robertson 
("Encyclopaedia Britannica,'' ed. viii., 1855), and of 
which Maxwell's suggestion, afterward realized by d'Ar- 
sonval, is the most modern. Siemens has constructed 
9, relay on a similar plan. 
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"MAGNETIC ADHERENCE, 

There are a few curious pieces of appanttuB devised 
for increasing adherence electro magnetically between 
two things. Here is an old device of NickUs, who 
thought he would make a new kind of rolling gear. 
Whether it was a railway wheel on a line, or whether it 




licEiiiE' MiouBTic Friction Qear. 



was going to be an ordinary wheel gearing, communi- 
cation of motion was to be made from one wheel to an- 
other, not by cogs or by the mere adherence of ordinary 
friction, but by magnetic adherence. In Fig. 73 there 
are shown two iron wheels rolling on one another, with 
a sort of electromagnetic jucket around them, consisting 
of an electric current circulating in a coil, and causing 
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them to attnict one another and stick together with 
magnetic adherence. In Nickles* little book on the 
subject there are a great number of devices of this kind 
described, including a magnetic brake for braking rail- 
way wagons, engines, and carriages, applying electro- 
magnets either to the wheels or else to the line, to stop 
the motion whenever desired. The notion of using 
an electromagnetic brake has been revived quite recently 
in a much better form by Prof. Geo. Forbes and Mr. 

Timmis, whose particular 
form of electromagnet, 
shown in Fig. 73, is pecu- 
liarly interesting, being a 
better design than any I 
have ever seen for securing 
powerful magnetic traction 
for a given weight of iron 
and copper. The magnet 
is a peculiar one; it is rep- 
resented here as cut away to show the internal con- 
struction. There is a sort of horseshoe made of one 
grooved rim, the whole circle of coil being laid imbed- 
ded in the groove. The armature is a ring which is 
attracted down all round, so that you have an extremely 
compact magnetic circuit around the copper wire at 
every point. The magnet part is attached to the frame 
of the wagon or carriage, and the ring-armatnre is at- 
tached to the wheel or to its axis. On switching on the 
electric current the rim is powerfully pulled, and braked 
against the polar surface of the electromagnet. 

Forbes' arrangement appears to be certainly the best 




Fig. 73.— Forbes' Electromagnet. 
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yet thought of for putting & magnetic brake to the 
wheels of ii railway train. 

Another, but quite distinct, piece of mechanism de- 
pending on electromagnetic adherence is the magnetic 
clvlck employed in Giilcher's arc lamp. 

REPULSION MECHANISM. 

Then there are a few pieces of mechanism which de- 
pend on repulsion. In 1850 a little device was patented 
by Brown and Williams, consistmg, aejihown in Fig. 
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74, of an electromagnet which repelled part of itself. 
The coil is simply wound on a hollow tube, and inside 
the coil la a piece, B, of iron, bent as the segment of a 
cylinder to fit in, going from one end to the other. 
Another little iron piece, A, also shaped as the segment 
of a tube, is pivoted in the axis of the coil. When 
these are magnetized one tends to move away from the 
other, they being both of the s;ime polarity. Of liite 
there have been many ampere-meters and voUmetcc^ 
i8 
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made on this pliin of producing repulsion between the 
parallel cores. 

Here (Fig. 75) is another device of recent date, due to 
Maikoff and I)e Kabath. Two cores of iron, not quite 
parallel, pivoted at the bottom, pass up through a tubu- 
lar coil. AVhen both are magnetized, instead of attract- 
ing one another, they open out; they tend to set them- 
selves along the magnetic lines through that tube. The 
cores, Ijcing wide o^jen at the bottom, tend to oper also 
at the to^). 

ELECTROMAGNETIC VIBRATORS. 

Then there is a large class of mechanisms about which 
a whole chapter might be written, namely, those in 
which vibration is maintained electromagnetically. The 
armature of an electromagnet is caused to approach, and 
recede alternately with a vibrating motion, the current 
being automatically cut off and turned on again by a 
self-acting brake. The electromagnetic vibrator is one 
of the cleverest things ever devised. The first vibrat- 
ing electromagnetic mechanism ever made was exhibited 
here in this room in 1824 by its inventor, an English- 
man named James Marsh. It consisted of a pendulum 
vibrating automatically between the poles of a perma- 
nent magnet. Later, a number of other vibrating de- 
vices were produced by AVagner, Neef, Froment, and 
others. Most important of all is the mechanism of the 
common electric trembling bell, invented by a man 
whose very name appears to be quite forgotten — John 
Mirand. How many of the millions of people who use 
electric bells know the name of the man who invented 



LKCT0BES ON THE ELECTROMAQKET. 



a75l 



^^^kh ? John Mirand, in the year 1850, put the electric M 
^^^H practically into the same form in wbicti it has bsen I 
^^^H^oyed from tbut day to this. The vibrating hum-l 
^^^K the familiar push-button, the indicator or annuu- I 
^^^■tDT, are all of hie devising, and may be seen depleted I 
^^HUie specitication of his British patent, jnat us they I 
^^Hpfi from his baud. I 

^^^Kime ulone preelndes me from dealing minntely with fl 
^^^■Bs vibrators, and particularly with the recent work! 
^^^^^ercadier and that of Luugdon-Davies, whose re>l 
^^^^^es have piit a new aspect on the possibilities on 
^^Hnionic telegraphy. Langdon-Davies' rate governor ■ 
^^B^he moat recent and perfect form of electromaguetio I 
vibrator. I 

INDICATOR MOVBMEXTS. I 

Upon the table here are a number of patterns of eiee- I 
trie bellB, and a number also of the eleutro-mechan iual I 
movements or devices employed in eJeetric bell work, I 
some of which form admirable illustrations of the vari-- J 
0U8 principles that I have been laying down. Here is 1 
an iron-clad electromagnet; here a tripolar magnet; | 
here a series uf pendulum motions of various kinds; J 
here is an example of oblique pull; here is Jensen's in- 1 
dieator, with lateral pull; here is Moseley's indicator, I 
with a coil-and-plunger, iron-clad; here is a clever de- I 
vice in which a disc is drawn up to better the magnetic f 
circuit. Here, again, is Thorpe's semaphore indicator, 
one of the neatest little pieces of apparatus, with a sin- 
gle central core surrounded by a coil, while a little strip 
^^i iron coming round from behind serves to c>^\&i^\<^^uia 
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the circuit all save a Utile gttp. Over the gup etaiU 
thiit which is to be attnicted, a flat diso of iroii, whi* 
when it is attracted, unlatches aiiotlier disc of hi 
which forthwith falls down. It is an extremely efti 
ive, very sensitive, and very inexpensive form of unn: 
ciator. The next two are pieces gf polarized mechanii 
having a moliuD directed to one eide or the other, 
cording to the direction of the current. From tfal 
backboard projects a small straight electromagni 
Over it is pivoted a small arched steel magnet, permfr- 
neutly magnetized, to which is attached a small signal 
lever bearing a red disc. If there is a current flowing 
one way then the magnet that straddles over the pole of 
the electromagnet will be drawn over in one direction. 
If I now reverse the current the electromagnet attracta 
the other pole of the curved magnet. Hence this 
mechanism allows of an electrical replacement without 
compelling the attendant to walk up to the indicator 
board. The polarized apparatus for iiidicittors hag this 
advantage, that you can have electrical as distinguisl 
from mechanical replacement. 

THE HTUDT OP ELECTEOUAGNETIC MECHANISM. 

The npid survey of electromagnetic mechanisms 
general has necessarily been very hurried and imperfi 
The study of it is just as important to the electricaf 
engineer as is the study of mechanical mechanism to 
the mechanical engineer. Incomplete as is the present 
treatment of the subject, it may sufficiently indicate to 
other workers useful lines of progress, and so fitly be 
appended to these lectures ou the electromagnet. la a 
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y few years we miiy expect Die introduction into a 
Targe engineering shops of elmtromfgm'lic tool.i. On a 
small sciile, for driving dental applijmoes, electromag- 
netic engines lia,ve long been nsed. Large machine i 
tools, eleetromagnetically worked, have already beguHJ 
to make their appearance. Some such were showii n 
the Crystiil Palace, in 1381, by Mr. Latimer Clark, an 
more recently Mr. Rowan, of Glaegow, hns devised 
namber of more developed forma of electromaguetiaj 
tools. 

SUPPUKSSHIN OF SPAUKINO. 

It now remains for me to speak briefly of the E 
pression of sparks. There are some half-dozen differ^ 
ent ways of trying to get rid of the sparking that oconra 
in the breaking of an electric circuit whenever there 
are electromagnets in that circnit. Many attempts havel 
been made to try and get rid of this evil. For instance, T 
one inventor employs an air blast to blow out the spark I 
just at the moment it occurs. Another causes the spark ' 
to occnr under a liquid. Another wipes it out with a 
brush of asbestos cloth that comes immediately behind 
the wire and rubs out the spark. Another puts on & . 
condenser to try and store up the energy. Another tries J 
to pnt on a long thin wire or a high resistance of liquid, 
or something of that kind, to provide an alternate path ] 
for the spark, instead of jumping across the air and T 
burning the contHcts. There exist some half-score, at 
any rate, of that kind of device. l!ut there are devicea 
that I have thought it worth while to examine and e 
aanment uipon, beouuae they depend merely ti.^\L ^Jf^s^ J 
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mode of construction adopted in the building of the 
electromagnet, and they have each their own qualities. 
I have here five straight electromagnets, all wound on 
bobbins the same size, for which we shall use the same 
iron core and the same current for all. They are all 
made, not only with bobbins of the same size, but their 
coils consist as nearly as possible of the same weight of 
wire. The first one is wound in the ordinary way; the 
second one has a sheath of copper wound round the in- 
terior of the bobbin before any wire is put on. This 
was a devict^, I believe, of the late Mr. C. F. Varley, and 
is also used in the fit^ld magnets of Brush dynamos. The 
function of the copper sheath is to allow induced cur- 
rent to occur, which will retard the fall of magnetism, 
and damp down the tendency to spark. The third one 
is an attempt to carry out that principle still further. 
This is due to an American of the name of Paine, and 
has been revived of late years by Dr. Aron, of Berlin. 
After winding each layer of the coil, a sheath of metal 
foil is interposed so as to kill the induction from layer 
to laver. The fourth one is the best device hitherto 
used, namely, that of differential winding, having two 
coils connected so that the current goes opposite ways. 
When equal currents flow in both circuits there is no 
magnetism. If you break the circuit of either of the 
two wires the core at once becomes magnetized. You 
get magnetism on breaking, you destroy magnetism on 
making the circuit; it is just the inverse case to that 
of the ordinary electromagnet. There the spark occurs 
when magnetism disappears, but here, since the mag- 
netism disappears when you make the circuit, you do 
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not get any spark at make, because the circuit is already 
made. You do not get any at break, because at break 
there is no magnetism. The fifth and last of these elec- 
tromagnets is wound according to a plan devised by Mr. 
Langdon-Davies, to which I alluded in the middle of 
this lecture, the bobbin being wound with a number of 
separate coils in parallel with one another, each layer 
being a separate wire, the separate ends of all the layers 
being finally joined up. In this case there are 15 sepa- 
rate circuits; the time-constants of them are different, 
because, owing to the fact that these coils are of differ- 
ent diameters, the coefficient of self-induction of the 
outer layers is rather less, and their resistance, because 
of the larger size, rather greater than those of the inner 
layers. The result is that instead of the extra current 
running out all at the same time, it runs out at differ- 
ent times for these 15 coils. The total electromotive 
force of self-induction never rises so high and it is un- 
able to jump a large air-gap, or give the same bright 
spark as the ordinary electromagnet would give. We 
will now experiment with these coils. The differential 
winding gives absolutely no spark at all, and second in 
merit comes No. 5, with the multiple wire winding. 
Third in merit comes the coil with interveninof Livers 
of foil. The fourth is that with copper sheath. Last 
of all, the eler»tromagnet with ordinary winding. 

COXCLUSTON. 

Now let me conclude by returning to my starting- 
point — the invention of the electromagnet by William 
Sturgeon. Naturally you would be glau to see the 
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counterfeit presentment of the features of so remark- 
able a man, of one so worthy to be remembered among 
distinguished electricians and great inventors. Your 
disappointment cannot be greater than mine when I 
tell you that all my efforts to procure a portrait of the 
deceased inventor have been unavailing. Only this I 
have been able to learn as the result of numerous in- 
quiries; that an oil-painting of him existed a few years 
ago in the possession of his only daughter, then resident 
in Manchester, whose address is now, unfortunately, 
unknown. But if his face must remain unknown to us, 
we shall none the less proudly concur in honoring the 
memory of one whose presence once honored this hall 
wherein wc are met, and whose work has won for him 
an imperishable name. 
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thocirouit all save a little ^p. Over the gap stanih 
that which is to be attracted, a flat disc of iroii,wbiclL 
w hen it is attracted, unlatches another disc of bras 
whicii forthwith falls down. It is an extremely effect- 
ivf, very sensitive, and very inexpensive form of annuB- 
ciatur. The next two are pieces of polarized mechanian 
havin^^ a motion directed to one side or the other,ac- 
conliii^ to the direction of the current. From the 
back hoard projects a small straight electromagnet 
Over it is pivoted a small arched steel magnet, perma- 
nently magnetized, to which is attached a small signal 
lever bearing a red disc. If there is a current flowing 
one way then the magnet that straddles over the pole of 
the electromagnet will be drawn over in one direction. 
If I now reverse the cnrrent the electromagnet attracts 
the otlier pole of the curved magnet. Hence this 
mechanism allows of an electrical replacement without 
coinpclling the attendant to walk np to the indicator 
board. 'V\w ])olarized apparatus for indicators has this 
advantage, that you can have electrical as distinguished 
from mechanical re[)lacenient. 

THE STUDY OF ELECTKOMAGNETIC MECHAXISM. 

The rapid survey of electromagnetic mechanisms in 
general has ne(H»ssarily been very hurried and imperfect, 
'^riie study of it is just as im])ortant to the electrical 
engineer as is the study of mechanical mecljanism to 
the mechanical engineer. Incomplete as is the present 
treatment of the subject, it may sufficiently indicate to 
other workers useful lines of progress, and so fitly be 
u])' *'0 these lectures on the electromagnet. In a 
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